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PREFACE 


In  recent  years  there  has  been  an  increasing  use  of  water  facilities  for  aerodynamic  research  and  preliminary  design.  These 
include  water  tunnels,  towing  channels  and  stationary  tanks  and  some  special  devices.  The  main  thrust  has  been  in  the 
application  of  flow  visualization  techniques  for  recognizing  and  helping  in  the  solution  of  difficult  flow  problems  in  both 
external  and  internal  aerodynamics.  Examples  include  flow  fields  of  fighter  airplanes;  inlet  flows;  recirculating  flow  patterns  in 
VTOL;  ramjet  simulation;  etc.  The  difficult  problems  in  such  flows  are  usually  connected  with  large  regions  of  three 
dimensional  flow  in  which  vortices  or  separated  regimes  are  prominent  features. 

Water  is  generally  more  effective  than  air  for  flow  visualization  because  of  its  much  lower  diffusivity.  There  are  a  number  of 
modern  developments  which  will  make  water  facilities  even  more  effective  and  productive  in  the  future  both  for  flow 
visualization  and  for  various  quantitative  measurements.  These  include  laser-Doppler  velocimetry,  which  is  easier  to  use  in 
water  than  in  air;  laser  induced  fluorescence;  and  computer  aided  particle  tracking.  These  techniques  are  very  well  suited  to  the 
lower  speeds  and  higher  densities  of  water. 

The  Symposium  recorded  in  these  Proceedings  was  organized  with  the  purpose  of  discussing  experiences,  results  and 
future  direction  in  the  application  of  water  facilities  in  aeronautical  research  and  development.  An  exchange  of  experiences  with 
the  hydrodynamics  community  was  also  desired. 

These  objectives  were  largely  achieved.  The  Symposium  started  with  an  overview  of  the  uses  of  water  facilities,  in  the 
paper  by  Erickson,  Peake,  Del  Frate,  Skow  and  Malcolm:  continued  with  papers  on  various  facilities,  techniques,  applications 
and  results;  and  ended  with  an  illuminating  historical  survey,  by  M.Tulin,  of  research  on  fluid  resistance  in  ship  hydrodynamics 
and  its  connections  to  aerodynamics. 


Depuis  quelques  annees,  on  utilise  de  plus  en  plus  frequemment  des  installations  hydrauliques  pour  la  recherche  en 
aerodynamique  et  les  calculs  preliminaries,  Parmi  ces  installations,  on  compte  les  tunnels  hydrodynamiques,  les  bassins  d’essai 
des  carenes  et  les  reservoirs  a  eau  stationnaire,  ainsi  que  quelques  dispositifs  speciaux.  On  constate  en  particular  ('application 
accrue  des  techniques  de  visualisation  de  lecoulement  qui  permettent  d'identifier  et  de  faciliter  la  solution  des  problemes 
difficiles  d’ecoulement,  a  la  fois  en  aerodynamique  exteme  et  en  aerodynamique  interne,  tels  que  les  champs  d'ecoulement 
autour  des  avions  de  combat,  lecoulement  d’entree,  les  diagrammes  de  lecoulement  de  recirculation  lors  des  decollages  et 
atterrissages  verticaux,  la  simulation  de  statoreacteur,  etc.  Les  problemes  poses  par  ces  ecoulcments  concement  generalement 
les  vastes  zones  d'ecoulement  tri-dimensionnel  caracterisees  essenticllement  par  des  tourbillons  et  des  decollements 
d'ecoulement. 

L’eau  est  en  general  plus  appropriee  que  Pair  pour  la  visualisation  de  lecoulement  a  cause  du  moindre  coefficient  de 
diffusion.  II  existe  un  grand  nombre  de  techniques  modernes  qui  permettront  a  I’avenir  de  rendre  encore  plus  rentable?  et  plus 
productives  les  installations  hydrauliques  a  la  fois  pourla  visualisation,  et  pour  differentes  mesures  quantitative?.  Au  nombre  de 
ces  methodes  figurent  la  velocimetrie  laser-Doppler  qui  est  plus  facile  a  appliquer  dans  l’cau  que  dans  l  air,  la  fluorescence 
induite  par  laser,  et  le  suivi  de  particules  assistc  par  ordinateur.  Ces  techniques  sonl  bien  appropriees  aux  faibles  vitesses  et  a  la 
forte  densite  de  Jeau. 

Le  Congres  qui  a  fait  I'objet  de  ces  comptes  rendus  a  ete  organise  dans  le  but  d  etudier  les  experiences  et  d’examiner  des 
resultats  et  les  orientations  futures  des  applications  des  installations  hydrauliques  dans  la  recherche  et  le  developpement 
aeronautiques.  Un  cchange  de  vues  avec  les  hydrodynamiciens  etait  aussi  souhaite. 

Ces  objectifs  ont  ete  largement  atteint.s.  Le  symposium  a  commence  par  une  vuc  d'ensemble  des  installations  hydrauliques 
qui  ont  fait  lobjet  du  rapport  etabli  par  Erickson,  Peake,  Del  Frate,  Skow  et  Malcolm;  ensuile  des  rapports  onl  ete  presentes  sur 
differentes  installations  techniques,  applications  ct  resultats;  enfin  M.Tulin  a  brossc  un  lumineux  tableau  historique  des  travaux 
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WATER  FACILITIES  IN  RETROSPECT  ANO  PROSPECT— 

AN  ILLUMINATING  TOOL  FOR  VEHICLE  DESIGN 

Gary  E.  Erickson,  David  J.  Peake,  and  John  Del  Frate 
NASA  Ames  Research  Center 
Moffett  Field,  California  94035 
USA 

and 

Andrew  M.  Skow  and  Gerald  N.  Malcolm 
Eidetics  International 
Torrance,  California  90505 
USA 


SUMMARY 

Water  facilities  play  a  fundamental  role  in  the  design  of  air,  ground,  and  marine  vehicles  by  provid¬ 
ing  a  qualitative,  and  sometimes  quantitative,  description  of  complex  flow  phenomena.  Water  tunnels, 
channels,  and  tow  tanks  used  as  flow-diagnostic  tools  have  experienced  a  renaissance  in  recent  years  in 
response  to  the  increased  complexity  of  designs  suitable  for  advanced  technology  vehicles.  These  vehicles 
are  frequently  characterized  by  large  regions  of  steady  and  unsteady  three-dimensional  flow  separation  and 
ensuing  vortical  flows.  The  visualization  and  interpretat ion  of  the  complicated  fluid  motions  about  iso¬ 
lated  vehicle  components  and  complete  configurations  in  a  time-  and  cost-effective  manner  in  hydrodynamic 
test  facilities  is  a  key  element  in  the  development  of  flow  control  concepts  and,  hence,  improved  vehicle 
designs. 

This  paper  presents  a  historical  perspective  of  the  role  of  water  facilities  in  the  vehicle  design 
process.  The  application  of  water  facilities  to  specific  aerodynamic  and  hydrodynamic  flow  problems  is 
discussed,  and  the  strengths  anj  limitations  of  these  important  experimental  tools  are  emphasized. 


1.  INTRODUCTION 

The  successful  development  of  vehicles  suitable  for  aerodynamic  and  hydrodynamic  applications 
requires  an  understanding  of  the  configuration  flow  field  at  design  and  off-design  conditions.  Water 
facilities  (tunnels,  channels,  and  tow  tanks)  have  historically  provided  valuable  information  on  the 
fundamental  fluid  mechanics  of  two-dimensional  (2-D)  and  three-dimensional  (3-D)  aerodynamic  and  hydrody¬ 
namic  shapes  operating  at  low  speeds.  The  application  of  hydrodynamic  facilities  to  basic  aerodynamic 
research  problems  that  was  pioneered  by  Ludwig  Prantl  in  the  early  days  of  flight  continues  to  the  present 
day.  The  advent  of  high-performance  flight  vehicles  that  Incorporate  flow  separation  by  design  has  pro¬ 
moted  a  surge  of  Interest  in  water  facilities  as  a  diagnostic  tool.  The  utilization  of  water  tunnels, 
channels,  and  tow  tanks  to  visualize  the  3-D  separated  and  vortical  flow  fields  about  advanced,  highly 
swept,  military  aircraft  and  slender  missile  configurations  operating  at  extreme  attitudes  (angles  of 
attack  and  sideslip)  has  been  demonstrated  by  many  researchers.  The  increased  level  of  confidence 
attained  by  correlating  study  results  with  aerodynamic  facility  and  flight  results  has  led  to  a  substan¬ 
tial  Increase  in  the  applications  of  relatively  simple  water  facilities  to  the  complex  aerodynamic  and 
hydrodynamic  shapes  of  interest  for  present-  and  future-generation  vehicles.  Concurrently,  flow  visuali¬ 
zation  and  nonintrusive  measurement  techniques  have  been  developed,  modified,  and  implemented  to  provide 
qualitative  and  quantitative  information  on  the  steady  and  unsteady  flow  fields  about  isolated  vehicle 
components  and  complete  conf iguratlons.  In  general,  the  use  of  hydrodynamic  facilities  has  risen  in 
direct  proportion  to  the  advancement  of  air,  ground,  and  marine  vehicle  technologies.  As  a  consequence, 
water  facilities  are  now  an  Important  element  In  the  design  process,  yielding  insight  into  the  compl Icated 
vortical  fluid  mechanisms  and  structures  that  are  characteristic  of  flows  about  advanced-technology 
vehicles. 

The  visualization  of  a  flow  phenomenon  represents  a  major  advancement  toward  understanding  and,  sub¬ 
sequently,  controlling  the  fluid  mechanism.  Flow  visual ization  is  easily  performed  in  water  and,  as  a 
consequence,  aerodynamic  as  well  as  hydrodynamic  problems  have  long  been  studied  in  water  facilities.  The 
flow  properties  of  water  are  similar  to  those  in  air,  provided  the  flow  simulations  are  restricted  to  the 
incompressible  regime.  The  selection  of  water  as  a  flow-visualization  medium  is  largely  based  on  the 
800-fold  increase  in  the  density  relative  to  air  and,  consequently,  the  excellent  light-reflecting  charac¬ 
teristics  of  tracers  injected  into  the  flow  field.  Suitable  illumination  or  the  tracer  particles  (alumi¬ 
num  powder,  dye,  or  hydrogen  bubbles,  for  example)  provides  direct  visualization  of  steady  and  unsteady 
flows.  At  the  same  scale  and  speed,  the  Reynolds  number  is  15  times  greater  In  water  than  in  air.  How¬ 
ever,  cost,  complexity,  and  facility  space  are  factors  that  constrain  the  test  section  size;  hence,  the 
model  scale  is  generally  relatively  small.  In  addition,  the  fluid  velocities  are  typically  less  then  10 
ft/sec  in  order  to  preserve  the  clarity  of  the  flow  structure,  to  avoid  excessive  model  loads,  and  to 
preclude  cavitation  when  it  is  an  undesired  phenomenon.  The  combination  of  small  model  scale  and  low 
fluid  velocities  results  in  Reynolds  numbers  that  are  orders  of  magnitude  less  than  those  achievable  on 
larger-scale  models  in  wind  tunnels  or  on  full-scale  air,  ground,  and  marine  vehicles  operating  in  their 
respective  environments.  As  a  consequence  of  this  Reynolds  number  mismatch,  the  fluid  motion  under 
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consideration  must  be  the  kind  that  is  insensitive  to  changes  in  the  Reynolds  number.  At  the  least,  the 
fundamental  structure  of  the  flow  nust  be  similar,  regardless  of  the  Reynolds  number.  It  is  fortunate 
that  many  of  the  complex  flow  phenomena,  particularly  3-D  motions  with  vortices  or  predominantly  separated 
regimes,  associated  with  advanced-technology  vehicles,  lend  themselves  to  qualitative  (and  sometimes  quan¬ 
titative)  evaluation  in  these  facilities.  The  interpretation  and  application  of  the  results  obtained  in 
water  tunnels,  channels,  and  towing  tanks  at  low  Reynolds  numbers  are  topics  of  considerable  debate  in  the 
technical  conmunity.  This  meeting  is  both  timely  and  useful  as  it  provides  a  forum  for  the  discussion  of 
the  strengths  and  limitations  of  hydrodynamic  test  facilities  applied  to  flow  problems  in  aeronautical  ana 
maritime  fluid  dynamics. 

Section  2  of  this  paper  will  present  a  Historical  review  of  water  facilities.  Because  of  the  large 
number  of  water  facilities  that  have  been  in  operation  over  the  years  and  that  remain  in  operation  today, 
the  discussion  will  center  on  representati ve  facilities.  The  applications  of  water  facilities  to  veh.  le 
design,  encompassing  the  interests  of  the  various  sessions  of  this  meeting,  are  discussed  in  Section  3. 

Of  necessity,  only  the  flavor  of  the  myriad  basic  and  applied  aerodynamic  and  related  hydrodynamic  studies 
will  be  provided  to  demonstrate  the  utility  and  current  potential  of  water  facilities. 


2.  HISTORICAL  perspective 

2.1  From  Antiquity  to  the  Renaissance 

The  visualization  of  complex  flow  phenomena  in  a  water  medium  spans  millennia.  Observations  and 
^peculations  on  vortical  flows  in  nature  go  back  to  prehistoric  times  (Ref.  1).  Stone  Age  artifacts 
depicted  the  spiral  motions  that  were  frequently  observed  in  a  water  medium.  Over  ?,00Q  years  ago,  the 
writings  of  Aristotle  (384-32?  8.C.)  described  the  observations  of  whirlpools  at  sea  and  the  resultant 
loss  of  ships  caught  in  this  powerful  fluid  motion  (Ref.  1).  Von  Karman  (Rpf.  2)  wrote  of  an  early  paint¬ 
ing  in  Bologna,  Italy,  of  St.  Christopher  walking  through  a  flowing  stream  that  snowed  alternating  vor¬ 
tices,  or  Karman  "vortex  streets,"  behind  the  saint's  foot.  In  the  centuries  to  follow,  the  non<cie"tif ic 
observations  of  flows  in  water  persisted. 

The  earliest  documentation  of  flow  mechanisms  in  water  for  scientific  purposes  appears  to  be  in  the 
writings  and  elaborate  drawings  of  Leonardo  da  Vinci  (1452-1519)  (Ref.  3).  As  pointed  out  by  lugt 
(Ref.  1),  Leonardo's  artistic  descriptions  of  nature  single  out  a  particular  phenomenon,  sjch  as  a  vortex, 
from  a  global  flow  field  and  are,  therefore,  in  common  with  scientific  experiment.  Examp.  s  of  his  fluid 
flow  sketches  are  shown  in  Fig.  1  taken  from  Ref.  1.  Leonardo  frequently  discussed  the  similarity  of 
fluid  motions  in  water  and  air.  According  to  the  account  of  Truesdell  (Ref.  4),  such  a  conclusion  could 
come  only  from  direct  observation  of  the  fluid  motions  in  both  media.  In  fact,  Leonardo  was  the  first  to 
discuss  water  and  air  as  fluids,  and  he  designed  the  first  water  tunnel  flow-visual ization  facility  as 
shown  in  Fig.  2  (from  Ref.  5).  Leonardo  also  recognized  the  limitations  of  simulations  of  airflow  in  a 
water  medium  due  to  the  effects  of  compressibility. 

2.2  From  1600  to  1800 

A  century  after  Leonardo's  passing,  Sir  Isaac  Newton  (1642-1727)  claimed  that  his  so-called  "sine- 
square  law  of  air  resistance"  applied  as  well  to  water,  where  the  forces  were  proportional  to  the  respec¬ 
tive  densities  (Ref.  2).  Newton's  statement  was  noteworthy  in  that  it  promoted  the  apolication  of  experi¬ 
mental  results  in  water  to  motion  in  air  and  vice  versa.  Newton's  influence  was  present  in  the  experiment 
of  Edme  Mariotte  (lf?0-1684) ,  who  measured  the  force  acting  on  a  flat  plate  submerged  in  a  stream  of 
water.  Jean  Charles  de  Borda  (1733-1799)  performed  experiments  in  a  water  facility  using  bodies  of  vari¬ 
ous  shapes,  which  were  put  in  notion  by  means  of  a  rotating,  or  whirling,  arm.  Jean  Le  Rond  d'Alembert 
(1717-1783),  Antoine  Condorcet  (1743-1794),  and  Charles  Bossut  (1730-1814)  towed  ship  models  in  still 
water  (see  Ref.  2).  These  investigations  represented  perhaps  the  first  application  of  the  towing-tank 
technique  that  is  so  prevalent  today.  In  1780,  J.  C.  Wilke  used  a  water  facility  to  study  atmospheric 
vortices  (Ref.  1). 

2.3  From  1800  to  1900 

Sporadic  experiments  using  water  as  the  working  fluid  continued  into  the  19th  century.  In  1839, 

Hagen  (Ref.  6)  conducted  studies  of  water  flowing  through  cylindrical  tubes,  where  he  observed  the  transi¬ 
tion  from  laminar  to  turbulent  flow.  Hagen  subsequently  conducted  more  detailed  testing  of  flow  stability 
in  tubes  and  documented  his  results  in  1854  (Ref.  7).  In  1883,  Osborne  Reynolds  conducted  his  classic 
experiments  (Ref.  8)  in  which  he  demonstrated  that  flow  transition  occurred  when  a  parameter,  now  called 
the  Reynolds  number,  exceeded  a  certain  value.  His  flow-visualization  results  were  documented  by  sketches 
rather  than  photographs.  Interestingly,  Reynolds'  experiments  were  repeated  nearly  100  years  later  in  his 
original  apparatus  at  the  University  of  Manchester  and  representative  results  are  documented  by  Van  Dyke 
(Ref.  9).  In  1897,  Hele  Shaw  performed  experiments  (Ref.  10)  in  a  thin  tank  to  study  2-D  highly-viscous 
flows.  The  experiments  of  researchers  spanning  four  centuries,  starting  with  the  work  of  Leonardo,  con¬ 
tributed  to  the  development  of  new  flow-visualization  facilities  and  techniques  which  led  to  major 
advances  in  fluid  mechanics. 
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2.4  From  1900  to  1935 

The  utilization  of  water  facilities  as  tools  to  study  a  wide  range  of  fundamental  aerodynamic  and 
hydrodynamic  problems  was  pioneered  by  Ludwig  Prandtl  in  Germany  beginning  ii.  the  early  1900s.  Prandtl 
conducted  experiments  on  2-D  shapes  in  a  water  channel  where  the  flow  was  visualized  on  the  free  surface 
using  aluminum  powder.  His  flow-visualization  method  was  first  documented  in  1904  in  Ref.  11.  A  compila¬ 
tion  of  Prandtl 's  2-0  flow-visualization  results  obtained  at  the  Kaiser  Wilhelm  Institute  (KWI)  for  Flow 
Research  in  Gottingen,  Germany  was  provided  by  Prandtl  and  Tietjens  (Ref.  12)  in  1934.  His  studies 
included  (1)  the  propagation  of  turbulence  in  boundary  layers,  (2)  vortex  shedding  downstream  of  a  plate, 
(3)  vortex  development  behind  a  nonrotating  cylinder  and  the  development  of  Karman  vortices,  (4)  laminar 
and  turbulent  boundary  layers,  (5)  flow  development  around  a  rotating  cylinder,  (6)  starting  vortex  gener¬ 
ated  by  an  airfoil,  (7)  flow  in  a  diffuser  with  and  without  suction  at  the  walls,  and  (8)  cavitation 
phenomena.  Examples  of  Prandtl' s  results  are  shown  in  Fig.  3  (from  Ref.  12).  The  advancement  of  fluid 
mechanics  through  the  use  of  a  water  facility  and  the  intuitiveness  of  the  experimenter  is  exemplified  by 
item  (3)  above.  Karl  Hiemenz,  a  student  of  Prandtl,  built  a  water  channel  in  1911  to  observe  the  flow 
separation  behind  a  cylinder.  The  oscillatory  vortex  shedding  that  he  observed  was  unexpected  and  the 
phenomenon  was  at  first  attributed  to  model  and  tunnel  wall  asymmetries.  The  flow  situation  was  always 
repeatable,  however,  despite  careful  checks  of  the  model  and  test  facility.  This  attracted  the  attention 
of  von  Karman  (Ref.  2)  who  speculated  that  there  may  be  a  natural  and  intrinsic  reason  for  the  phenome¬ 
non.  He  calculated  the  stability  of  such  a  system  of  vortices,  which  led  to  the  understanding  of  the 
now-famous  Karman  "vortex  street." 

The  efforts  of  Prandtl  and  his  colleagues  confirmed  that,  under  certain  conditions,  the  flow  patterns 
in  the  vicinity  of  a  body  are  similar  in  air,  water,  or  other  liquid  or  gaseous  fluids.  On  this  basis, 
Prandtl  demonstrated  that  the  fluid  dynamic  c  iaracteristics  of  a  body  exposed  to  a  flow  in  one  medium 
could  be  predicted  from  experiments  in  a  different  medium.  Prandtl1 s  work  overlapped  the  development  of 
flight  vehicles  for  military  and  commercial  applications,  and  airplane  wings  were,  accordingly,  investi¬ 
gated  in  hydrodynamic  facilities.  It  is  noted  that  hydrodynamic  can  refer  to  incompressible  flow  charac¬ 
teristics  in  any  fluid,  including  air  at  low  Mach  numbers.  Since  the  practical  desian  of  aircraft  did  net 
seriously  account  for  compressibility  during  the  first  20-30  years  of  its  history  because  of  the  low 
flight  speeds,  water  facilities  were  applied  to  flight-vehicle  design,  albeit  on  a  limited  basis. 

From  approximately  1910  to  1935  the  majority  of  water-facility  investigations  of  aerodynamic  flow 
problems  were  of  a  2-0  nature  and  emphasized  the  boundary- layer  behavior  and  flow-separation  characteris¬ 
tics  of  airfoil  shapes  suitable  for  the  relatively  unswept  wings  of  this  period.  The  KWI  in  Gottingen, 
Germany,  maintained  its  role  as  a  leader  in  the  study  of  laminar  and  turbulent  boundary  layers  and  the 
drag  of  aerodynamic  shapes  (Ref.  12).  More  frequently,  however,  water  channel  facilities  were  employed 
for  hydrodynamic  flow  problems  relating  to  cavitation  phenomena  and  the  resistance  of  surface  ships  and 
submersibles.  Hoerner  (Ref.  13)  provides  an  extensive  list  of  references  of  water  tunnel,  channel,  and 
towing-tank  investigations  of  marine  vehicles  conducted  during  this  period. 

2.5  From  1935  to  1950 

The  contributions  of  wa^er  facilities  to  vehicle  design  Increased  during  the  period  1935-1950, 

.drgely  because  of  the  global  political  climate  that  would  lead  to  World  War  II  and  the  ensuing  demands 
for  military  air  and  sea  superiority.  The  water  facilities  in  Gottingen  were  used  by  the  German  aircraft 
industry  to  mprove  the  design  of  propeller  and  jet  aircraft  during  World  War  II.  Reichardt  (Ref.  14) 
described  the  results  of  hydrodynamic  tests  to  develop  efficient  low-speed  aerodynamic  shapes  using  a 
cavitation  method.  The  basis  of  this  study  was  that  gaseous  flows  at  sonic  speed  had  a  certain  resem¬ 
blance  to  fluid  motions  at  cavitation.  The  test  models  were  streamlined  in  the  water  tunnel  to  delay 
cavitation  onset.  The  resultant  shapes  provided  a  rough  approximation  of  the  desired  geometries  m  air 
that  would  exhibit  delayed  onset  of  locally  sonic  flow  on  the  surface.  The  nacelles,  nacelle-wing  fair¬ 
ing,  and  wing-body  transition  on  the  Me  262  were  modified  in  this  manner.  The  Germans  also  utilized  a 
water  facility  to  aid  in  the  development  of  marine  vehicles.  An  advanced  submarine  type  "XX I"  was  devel¬ 
oped,  In  part,  from  towing-tank  investigations  (Ref.  13).  The  test  results  led  to  a  hull  having  a  contin¬ 
uous  shape,  a  streamlined  conning  tower,  and  guns  integrated  into  the  tower. 

The  Allies  also  used  water  facilities  during  World  War  II  for  the  improved  design  of  marine  and 
flight  vehicles.  Notable  water  tunnel,  channel,  and  towing-tank  facilities  were  located  at  the  National 
Physical  Laboratory  (NPL)  and  Admiralty  Research  Laboratory  (ARL)  in  England  and  at  the  California 
Institute  of  Technology  (CalTech),  National  Advisory  Committee  for  Aeronautics  (NACA),  and  David  Taylor 
Model  Basin  (DTMB)  in  the  United  States.  The  majority  of  water  facility  applications  to  vehicle  design 
during  this  period  pertained  to  marine  craft.  Typical  studies  in  these  facilities  addressed  the  cavita¬ 
tion  phenomena  associated  with  ship  propellers  and  hydrofoils  (ship  rudders  and  submarine  planes,  for 
example)  and  the  drag/resl stance  of  hydrofoils,  displacement  hulls,  submersibles,  torpedoes,  surface¬ 
piercing  struts,  seaplane  floats/skis,  and  planing  craft  (Ref.  13).  Hydrodynamic  problems  that  were 
addressed  and  solved  in  water  facilities  included  that  of  submarine  periscope  vibration,  associated  with 
periodic  vortex  shedding;  this  problem  was  alleviated  by  means  of  guidevanes.  The  reduction  of  missile 
drag  at  water  entry  was  achieved  by  improved  nose  shapes  developed  from  water-facility  testing 
(Ref.  13).  A  parametric  study  of  the  flow  separation  characteristics  of  projectiles  having  various 
forebody  and  afterbody  shapes  and  fin  arrangements  was  performed  in  1944  by  Knapp  (Ref.  15)  in  the  CalTech 
High  Speed  Water  Tunnel.  The  detailed  flow-field  observations  from  this  study  were  intended  to  aid  the 
projectile  and  bomb  uesigners  during  the  latter  stages  of  the  war.  Aircraft  wings  were  still  relatively 
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unswept  and  of  high  aspect  ratio.  As  a  consequence,  airfoils  were  generally  tested,  and  the  results  were 
corrected  for  3-0  effects. 

h  common  problem  was  manifested  in  the  experimental  investigations  of  marine  and  flight  vehicles 
during  this  period,  namely,  how  to  transfer  the  model  results  to  full-scale  operation.  The  limited  dimen¬ 
sions  and  flow  speeds  of  water  tunnel,  channel,  and  towing-tank  installations  generally  resulted  in 
Reynolds  numbers  in  model  testing  that  were  typically  two  to  three  orders  of  magnitude  less  than  those  of 
the  full-scale  opeation.  For  example,  the  drag  of  displacement  hulls  consisted  of  two  predominant  compo¬ 
nents,  skin  friction  and  wave  resistance,  that  were  governed  by  different  similarity  laws.  Unless  full- 
scale  dimensions  were  used,  it  was  not  possible  to  simulate  correctly  the  full-scale  conditions  in  towing 
tanks.  It  became  common  practice,  then,  to  satisfy  the  dynamic  similarity  (Froude  number),  producing  the 
proper  wave  pattern,  and  to  correct  the  skin-friction  component  on  the  basis  of  the  Reynolds  number.  The 
Reynolds  number  could  be  increased  by  heating  the  water.  However,  the  disparity  bet*'  **>  model-  and  full- 
scale  conditions  was  still  large.  The  scaling  of  cavitation  phenomena  observed  in  water-faci 1 :ty  testing 
of  ship  propellers  and  hydrofoils  was  a  persistent  challenge,  particularly  under  conaitions  of  incipient 
and  fully  developed  cavitation. 

The  introduction  of  jet-powered  aircraft  toward  the  end  of  world  War  II  and  the  ensuing  emphasis  on 
high-speed  flight  posed  particular  problems  for  water-faci 1 i ty  simulations  owing  to  the  significant 
Reynolds  number  gap  and  the  effects  of  compressibility  (Mach  number).  Operation  of  water  facilities  at 
higher  speeds  resulted  in  undesired  cavitat!on  phenomena  that  restricted  the  speed  up  to  which  a  flow 
pattern  in  water  could  be  expected  to  represent  that  arouna  the  same  shape  in  air.  Cavitation  could  occur 
within  the  fluid  at  some  distance  from  the  model  surface,  in  the  cores  of  vortices  from  aircraft  propeller 
blade  tips  or  in  the  separated  flow  past  blunt  or  bluff  bodies,  for  example,  which  precluded  the  correla¬ 
tion  of  the  water-faci lity  data  to  the  conditions  in  air.  Closed-section  facilities  could  be  pressurised 
to  delay  cavitation  onset;  however,  this  was  done  at  increased  facility  complexity  and  cost.  As  a  resuU 
of  these  considerations,  constraints  were  necessarily  imposed  on  the  use  of  water  facilities  as  a  design 
tonl ,  particularly  with  regard  to  flight  vehicles. 

2.6  From  1950  to  1960 

The  work  of  German  researchers  during  World  War  II  and  of  R.  I.  Jones  in  the  United  States  during  the 
same  pericu  led  to  wing  sweep  as  a  means  of  delaying  transonic  flow  effects  (see  Ref.  2).  The  fluid 
mechanics  associated  with  these  wings  was  not  we  11 -understood  owing  to  the  3-0  nature  of  the  flow.  At 
off-design  conditions,  the  swept  separation  lines  and  ensuing  vortices  were  important  features  of  the  3-D 
flow  field.  The  early  1950s  also  marked  the  advent  of  first-generation  supersonic  transport  (SST)  air¬ 
craft  featuring  thin,  slender  wings.  By  design,  the  configurations  utilized  leading-edge  vortex-induced 
lift  for  improved  takeoff  and  landing  performance.  This  was  a  significant  departure  from  the  time-honored 
attached-flow  wing  designs. 

The  complexity  of  the  wing  vortical  flow  field  and  the  associated  aerodynamic  nonlinearities  were 
demonstrated  in  the  late  1940s  and  early  1950s  by  researchers  in  England,  crance,  the  United  States, 
Canada,  and  Sweden  (Refs.  16-20,  for  example).  These  experimental  investigations  underscored  ihe  need  for 
a  flow-visualization  tool  in  order  to  understand  and  control  the  powerful  fluid  motions.  The  early 
studies  suggested  that  once  flow  separation  occurred  everywhere  along  the  leading  edge  of  a  swept  wing, 
the  fundamental  character  of  the  vortex  was  insensitive  to  the  Reynolds  number  (Ref.  21).  The  vortex  flow 
structure  also  remained  much  the  same  over  a  wide  rarge  of  the  Mach  number  (Ref.  22),  provided  the  winq 
leading  edge  was  swept  within  the  Mach  cone  and  shock  waves  did  not  interact  with  the  vortices.  A  new  era 
of  water-facility  applications  to  aircraft  design  tnerefore  emerged  and  was  character! zed  by  extensive 
testing  of  slender  wings  suitable  for  comm'-cial  and  military  aircraft  configurations  with  a  requirement 
fur  supersonic  operation. 

The  principal  advocates  of  water-faci 1 i ty  applications  to  air-vehicle  design  in  the  19b0s  included 
the  NPL  in  England,  the  Office  National  d’Ftudes  et  de  '’echerches  Aerospatiales  (0NERA)  in  France,  the 
National  Aeronautical  Establishment  (NAt)  in  Canada,  the  NACA  and  CalTech  in  the  United  States,  and  Kungl 
Tekniska  Hogskolan  (KTH)  in  Sweden.  The  pump-driven  horizontal  water  tunnels  at  the  NPL  and  NAE ,  the 
vertical  water  tunnel  at  0NERA  operating  by  gravity  discharge,  the  towing  tank  at  the  NACA,  the  free- 
surface  water  channel  and  pressurized  high-speed  water  tunnel  at  CalTech,  and  the  water  tank  at  the  KTH 
represented  several  dif ‘^ent  facility  designs  that  were  used  for  a  common  purpose,  namely,  to  develop  a 
flow-visualization  data  base  on  aircraft  and  aircraf t-related  conf igurat *~ns.  The  clarity  of  the  flow 
visualization  from  experiments  conducted  in  these  installations  established  water  facilities  as  a  useful 
diagnostic  tool  to  study  Lhe  flow  about  3-0  aerodynamic  shapes  operating  within  an  expanded  flight  enve¬ 
lope.  For  example,  the  water  tunnels  at  the  NPl  and  ONERA  contributed  to  the  understanding  of  the  con¬ 
trolled  flow  separations  and  vortical  motions  on  the  SST  Concorde  developed  jointly  by  the  English  and  the 
French.  The  water  tank  at  the  KTH  was  utilized  in  Sweden's  pioneering  studies  of  canard-wing  aircraft. 

The  water  tunnel  at  the  NAE  deserves  spec.al  note  owing  to  its  colorful  history.  The  facility  was  built 
at  the  Aerodynamische  Versuchsantalt  in  1939  in  Gottingen,  Germany,  and,  subsequently,  was  shipped  to 
Canada  after  World  War  II  (Ref.  23).  One  of  the  early  investigations  conducted  at  the  NAf  was  related  to 
the  design  of  cockpit  canopy  shapes  for  the  CF-100  and  CF- 103  aircraft  by  generating  a  cavitation  bubble 
whose  shape  conformed  to  the  constant-pressure  contour  (Ref.  24).  This  experimental  approach  was  similar 
tc  Reichardt's  (Ref.  14),  whose  work  in  Germany  was  discussed  earlier.  An  undocumented  study  was  per¬ 
formed  of  the  lateral  instability  caused  by  asymmetric  breakdown  of  winq  leading-edge  vortices.  This 
subject  remains  of  great  interest  to  modern-day  fighter  aircraft  conf iguratlons.  The  NAE  facility  was 


also  utilized  to  study  the  effects  of  the  exhaust  from  jet-powered  aircraft  on  the  flow  about  tail 
surfaces. 

Water  facilities  maintained  their  role  in  the  marine-vehicle  design  process  in  the  post-World  War  II 
years.  Major  contributions  to  the  design  of  surface  ships,  submersibles,  and  marine  propulsion  systems 
were  made  by  researchers  in  many  countries.  Primary  contributors  to  marine  vehicle  technology  included 
the  NACA,  DTM8,  Iowa  Institute  of  Hydraulic  Research,  St.  Anthony  Falls  Hydraulic  Laboratory  (University 
of  Minnesota),  and  CalTech  in  the  United  States;  the  Ship  Model  Basin  in  the  Netherlands;  the  Supramar 
company  in  Switzerland;  and  the  State  Shipbuilding  in  Sweden.  Reference  25  lists  many  of  the  research 
Installations  Involved  In  maritime  testing  during  this  period.  An  upsurge  in  the  use  of  hydrofoil  craft 
began  in  the  late  1950s.  As  noted  by  Acosta  (Ref.  26),  the  successful  achievements  of  hydrofoil  craft  and 
the  possibility  of  high  speeds  at  sea  were  due  to  the  greatly  increased  understanding  of  the  flow  past 
hydrofoils.  In  a  manner  similar  to  the  field  of  aeronautics,  water  facilities  played  a  key  role  in  the 
advancement  of  hydrofoil  technology. 

2.7  From  1960  to  1970 

Numerous  slender-wing  aircraft  configurations  emerged  during  the  1960s  that  were  characterized  by 
leading-edge  vortex  formation  at  off-design  conditions.  These  aircraft  included  the  F— 111 ,  YF-12,  and 
XB-70  in  the  United  States;  the  Mirage  III  and  IV  in  France;  the  HP-115  experimental  aircraft  in  England; 
the  Concorde  in  a  joint  English/French  effort;  and  the  Viggen  in  Sweden.  In  addition,  the  design  of 
highly  maneuverable  transonic  fighter  aircraft  began  during  this  period  in  the  United  States,  and  this 
work  would  culminate  in  the  F- 16  and  F - 18  fighters  in  the  1970s.  From  the  outset,  these  designs  employed 
wing-body  strakes  or  leading-edge  extensions  (LEXes)  to  generate  concentrated  vortices  for  enhanced  lift 
at  takeoff  and  landing  and  at  subsonic/transonic  maneuvering  conditions. 

The  water  tunnels  at  the  NPL  in  England,  ONERA  in  France,  and  NAE  in  Canada  continued  to  be  utilized 
successfully  in  the  study  of  slender-wing  vortices.  A  copy  of  the  NPL  tunnel  was  built  at  the  University 
of  Southhampton,  England,  and  static  and  dynamic  testing  of  slender-wing  vortex  flows  was  performed 
(Ref.  27).  Excellent  correlations  were  obtained  by  Werle  (Ref.  28)  at  ONERA  of  the  vortex  behavior  on 
delta  wings  and  specific  aircraft  configurations  such  as  the  Concorde  and  the  Douglas  F-5D  (Ref.  29)  in 
water  tunnels,  wind  tunnels,  and  flight.  These  results  establisned  confidence  that,  for  the  special  case 
of  leading-edge  vortices  on  thin,  highly  swept  surfaces,  water  facilities  could  be  used  as  a  diagnostic 
tool  despite  the  Reynolds  number  gap.  ONERA  assembled  a  laboratory  consisting  of  two  vertical  water 
tunnels  and  a  water  tank  that  was  dedicated  to  the  study  of  aerodynamic  and  hydrodynamic  flow  phenomena. 
The  French  were  at  the  forefront  of  flow-visualization  technology  and  they  applied  water  facilities  to  a 
wide  range  of  aerodynamic  flow  situations.  These  included  laminar  and  turbulent  boundary  layers, 
boundary- layer  separation  on  2-D  and  3-D  shapes,  vortex-dominated  flows  on  slender  bodies  and  wings,  jet 
mixing  and  interaction  phenomena,  blowing  for  boundary- layer  control,  vortex  enhancement  by  spanwise 
blowing,  ground  effects  on  the  flow  about  the  Concorde  using  a  moving  ground  board,  models  with  internal 
flows  (engine  intakes,  for  example),  and  a  helicopter  rotor  in  translation  and  hover  (Ref.  30).  The  ONERA 
laboratory  became  the  standard  of  excellence  in  flow  visualization  and  was  the  forebearer  of  numerous 
other  water  facilities  throughout  the  world. 

The  NAE  water  tunnel  was  a  consistent  source  of  useful  flow-field  information  on  complex  flow  phenom¬ 
ena  in  the  1960s.  The  3-D  separated  flow-characteristics  about  numerous  aerodynamic  shapes  were  investi¬ 
gated.  The  circulation-control  concept  for  enhanced,  high-lift  aerodynamics  was  studied  on  round  air¬ 
foils,  flaps,  etc.  Other  experiments  featured  lifting  propellers  at  high  angles  of  inclination,  ducted 
fans,  and  fan-in-wing  arrangements.  The  wing-submerged  lifting-fan  investigations  were  indicative  of  the 
increased  sophistication  of  water-facility  experiments  of  aircraft  models  and  of  the  information  gained 
from  these  studies.  In  this  case,  the  fan-airfoil  interactions  and  wing-fan  efflux  interactions  were 
observed  in  order  to  assess  the  flow  effects  leading  to  changes  in  the  configuration  forces  and  moments. 

The  heavy  commercial  and  military  transport  aircraft  that  appeared  during  this  period  generated  pow¬ 
erful  trailing  vortex  systems  that  posed  a  flight  safety  hazard  to  trailing  aircraft.  Water  towing-tank 
facilities  were  well  suited  to  study  the  vortex  patterns  and  methods  of  wake  alleviation,  and  the  National 
Aeronautics  and  Space  Administration  (NASA),  the  Douglas  Aircraft  Company,  and  the  Lockheed-Georgia 
Company  In  the  United  States  employed  such  facilities  for  this  purpose.  The  NAE  conducted  water  tunnel 
experiments  of  the  vortex  flows  shed  from  upswept  rear  fuselages  similar  to  those  of  rear-loading  air¬ 
craft.  The  vortices  were  found  to  promote  adverse  effects  on  the  pitch  stability  and  cruise  drag  and  to 
produce  undesirable  loadings  on  rear  cargo  doors  (Ref.  31). 

2.8  From  1970  to  1980 

Vehicle  designers  in  the  1970s  were  once  again  confronted  with  a  larg  .  experimental  data  gap  caused 
by  the  emerging  requirement  for  advanced  tactical  missile  and  fighter  aircraft  configurations  to  operate 
In  a  controlled  manner  at  extreme  attitudes.  The  vortex -dominated  flows  shed  from  the  slender  bodies  and 
wings  of  highly  maneuverable  flight  vehicles  were  not  well  understood.  The  flow-visualization  and  flow- 
measurement  techniques  in  wind  tunnels  and  in  flight  were  inadequate  for  the  detailed  definition  of  the 
highly  3-D  flow  fields  that,  were  often  characterized  by  multiple  vortex  development,  vortex  interactions, 
and  vortex  breakdown.  As  a  consequence,  the  1970s  marked  a  significant  upsurge  in  the  use  of  water  facil¬ 
ities  in  the  vehicle  design  process. 
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To  Improve  the  understanding  of  the  structure  of  vortex  core  breakdown,  experiments  were  conducted  by 
Sarpkaya  In  the  United  States  using  a  water  facility  (Ref.  32).  Water  to  which  swirl  was  imparted  by 
upstream  vanes  flowed  through  a  slightly  divergent  tube  and  the  forms  of  vortex  bursting  were  observed. 

The  experimental  results  also  supported  the  development  of  computational  methods  to  predict  vortex  core 
instabilities. 

Water  tunnels,  channels,  and  towing  tanks  were  in  operation  in  many  countries,  and  studies  in  support 
of  vehicle  design  were  performed  in  the  United  States,  Canada,  France,  England,  Belgium,  Germany, 
Switzerland,  the  Netherlands,  Sweden,  Russia,  Australia,  Japan,  and  China.  The  confidence  in  water  facil¬ 
ities  as  a  flow-diagnostic  tool  was  reflected  by  the  diversity  of  research  subjects  encompassing  air, 
ground,  and  marine  vehicles. 

A  leader  in  the  application  of  water  tunnels  to  the  simulation  of  fighter  aircraft  flow  fields  at 
high  angles  of  attack  was  Northrop  Corporation  in  the  United  States.  Influenced  in  large  part  by  the  work 
of  Werle  (ONERA)  In  France,  M.  S.  Cahn  and  G.  R.  Hall  led  the  effort  at  Northrop  in  the  mid-1970s  to 
develop  a  water  facility  that  would  augment  the  aircraft  design  process  (Ref.  33).  An  early  application 
of  a  small  pilot  tunnel  modeled  after  the  ONERA  gravity-discharge  facility  was  the  visualization  of  the 
LEX  vortex  flows  on  a  small-scale  model  of  the  Northrop  YF-17  lightweight  fighter  configuration.  The 
vivid  definition  of  the  YF-17  vortical  flows  stimulated  sufficient  support  to  construct  a  larger  water 
tunnel  that  is  still  in  operation  today.  This  facility  was  used  extensively  In  all  of  the  military  air¬ 
craft  programs  at  Northrop  to  understand  and  control  the  forebody  and  wing  vortex  flows,  vortex  interac¬ 
tions  and  breakdown,  and  vortex-empennage  interactions.  Models  of  virtually  every  fighter  aircraft  in  the 
United  States  Inventory  and  of  numerous  foreign  military  aircraft  configurations  were  tested  in  the 
Northrop  Installation.  The  role  of  this  tunnel  rapidly  expanded  to  include  the  study  of  2-0  nozzle 
exhaust  effects  on  afterbody  flow  separation,  nozzle  exhaust  plumes  and  jet  mixing  processes,  forebody  and 
wing  vortex  control  by  active  and  passive  means,  hot -gas  reingestion  phenomena  on  V/STOL  aircraft  in 
ground  proximity,  vortex  flow  management  for  improved  performance  of  top-mounted  inlets,  thrust  reverser 
plume  trajectories  and  the  effects  on  wing  and  tail  flow  fields,  the  structure  of  swirling  jets,  self- 
induced  lateral  oscillations  (wing  rock)  of  slender  planforms,  deflected  wing  leading-  and  trai 1 ing-edge 
flap  effects  on  vortex  stability,  oscillating  wing  control  surfaces  for  flow  control,  vortex  shedding  on 
an  aircraft  model  in  a  flat  spin,  and  canard-wing,  forward-swept  wing,  and  oblique  wing  flow  fields 
(Ref.  34). 

ONERA  in  France  and  the  NAE  in  Canada  continued  to  excel  in  their  high-quality  and  diverse  applica¬ 
tions  of  water  facilities  to  vehicle  design.  The  confidence  gained  from  years  of  experience  in  hydrody¬ 
namic  testing  led  to  the  use  of  the  ONERA  and  NAE  facilities  to  study  ground  vehicle  configurations  such 
as  high-speed  trains,  trucks,  automobiles,  and  snowmobiles.  The  water  facilities  were  used  to  identify 
regions  of  3-D  flow  separation  and  to  develop  aerodynamic  "fixes"  to  improve  the  vehicle  performance. 
Marine  vehicle  investigations  were  also  undertaken  in  these  tunnels  to  study  the  separated  How  fields 
about  the  superstructure  of  surface  ships  and  highly  maneuverable  submarines.  The  trend  toward  high- 
performance  air,  ground,  and  marine  vehicles  facilitated  the  acceptance  of  water  facilities  as  a  design 
tool,  owing  to  the  complicated  fluid  motions  that  were  often  vortex-dominated. 

The  French  and  Canadians  were  leaders  in  the  investigation  of  unsteady  vortical  motions.  The  ONERA 
installation  was  utilized  to  study  the  vortex  formation  on  the  upper  surface  of  an  oscillating  profile, 
which  simulated  the  cyclic  variation  in  pitch  of  a  helicopter  rotor  blade  (Ref.  30).  In  addition,  the 

vortex-shedding  characteristics  of  a  spinning  fighter  model  were  Investigated.  The  NAE  performed  forced 

oscillation  testing  of  a  modern  aircraft  configuration  to  Identify  the  effects  of  the  body  vortices  on  the 
static  and  dynamic  cross  derivatives  (Ref.  35). 

Interest  in  the  unsteady  aerodynamics  of  helicopter  rotor  blades  led  to  numerous  investigations  of 
the  dynamic  stall  behavior  of  oscillating  airfoils  (Ref.  36)  at  the  U.S.  Army  Research  and  Technology 
Lavatories  (AVRADCOM)  at  NASA  Ames  Research  Center.  A  unique  feature  of  the  water  tunnel  experiments 

was  the  measurement  of  the  force  and  moment  time  histories  in  combination  with  vivid  off-body  flow 

visual izatlon. 

The  Flow  Research  Company  towing  tank  and  the  Tracor  Hydronautics  Ship  Model  Basir.  in  the  United 
States  emerged  as  important  water  facilities  for  aerodynamic  flow  simulations.  The  Flow  Research  facility 
was  used  In  the  general  research  of  unsteady  aerodynamics;  separated  flows;  and  laminar,  transitional,  and 
turbulent  boundary  layers.  The  Tracor  model  basin  was  used  extensively  by  NASA  for  measurements  of  the 
trailing  vortex  systems  generated  by  models  of  wide-body  commercial  transport  aircraft  such  as  the 
Boeing  747. 

The  continued  Interest  in  V/STOL  aircraft  prompted  the  development  of  water  facilities  at  Rockwell 
International  (Ref.  37)  and  the  McDonnel 1 -Doug las  Corporation  (Ref.  38).  These  were  dedicated  to  the 
visualization  of  ground-effect  phenomena  associated  with  multi  jet  arrangements. 

The  U.S.  Air  Force  Wright  Aeronautical  Laboratories  (AFWAL)  constructed  a  small  water  tunnel  operat¬ 
ing  by  gravity  discharge.  This  facility  proved  useful  In  visualizing  the  vortex  flows  about  advanced 
fighter  models,  including  several  forward-swept-wlng  configurations. 

Water  facilities  also  experienced  a  renaissance  In  the  European  government.  Industry,  and  university 
conmunltles.  The  towing  tank  at  Deutsche  Forschungs-  und  Versuchsanstalt  fur  Luft-  und  Raumfahrt  (DFVLR) 
in  Gottingen,  Germany,  was  applied  to  the  study  of  wing  leading-edge  vortices  (Ref.  39).  A  water  tunnel 
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built  at  Messerschmitt-Bblkow-Blohm  (MBB)  in  Munich,  Germany,  became  a  useful  aid  in  recognizing  and  solv¬ 
ing  flow  problems  during  the  aircraft  development  phase  (Refs.  40  and  41).  The  University  of  Stuttgart, 
with  a  history  of  water  facility  experience  dating  back  to  1950,  continued  its  fundamental  fluid  mechanics 
research.  The  behavior  of  slender  missile  vortices  at  extreme  attitudes  was  investigated  in  a  water 
tunnel  at  the  British  Aerospace  Military  Aircraft  Division  (Ref.  42).  A  study  of  the  Reynolds  number 
sensitivity  of  delta  wing  vortex  breakdown  was  performed  in  a  water  tunnel  by  Svenska  Aeroplan 
Aktiebolaget  (SAAB)  In  Sweden  (Ref.  43).  Leading-edge  vorte*  flow  studies  were  also  conducted  in  a  water 
facility  at  the  von  Karman  Institute  (VKI)  in  Belgium  (Ref.  44).  The  Netherlands  Ship  Model  Basin  main¬ 
tained  a  leadership  role  In  hydrodynamic  testing  of  displacement  hulls  and  marine  propulsion  systems. 

The  Aeronautical  Research  Laboratories  (ARL)  of  the  Australian  Department  of  Defence  conducted  sys¬ 
tematic  experiments  of  vortex  flows  in  the  mid-1970s  using  water  towing  tank  and  water  tunnel  installa¬ 
tions.  The  tral ling-vortex  system  generated  by  a  rectangular  planform  wing  was  investigated  in  the  towing 
tank  and  the  experimental  trends  pertaining  to  the  vortex  structure  and  dissipation  were  in  qualitative 
agreement  with  available  wind  tunnel  and  flight  test  results  (Ref.  45).  The  structure  and  breakdown  of 
the  leading-edge  vortices  shed  from  slender  delta  and  cranked  wing  planforms  were  observed  in  the  water 
tunnel  (Ref.  46). 

2.9  From  1980  to  the  Present 

Water  facilities  have  gained  general  acceptance  throughout  the  world  as  valuable  diagnostic  tools  to 
aid  in  the  vehicle  design  process.  The  unique  ability  of  these  installations  to  visualize  3-D  vortical 
motions  about  complicated  aerodynamic  and  hydrodynamic  shapes  has  been  utilized  in  vehicle  development 
programs  in  several  countries.  Vortical  flows  have  become  a  "way  of  life"  on  all  classes  of  vehicles  as 
shown  in  the  sketches  in  Fig.  4  (from  Ref.  1).  The  emphasis  on  low-observable  flight  vehicles  has  led  to 
aerodynamic  shapes  that  are  dominated  by  vortex  flows.  Clearly,  the  identification  and  control  of  these 
3-0  separated  regimes  is  an  important  element  in  air,  ground,  and  marine  vehicle  performai.ee  optimization. 

The  sophistication  of  water  facilities  and  flow  visualization  and  measurement  techniques  has 
increased  in  concert  with  the  advancement  in  vehicle  technology.  In  addition  to  the  qualitative  informa¬ 
tion  gained  from  water-flow  experiments,  efforts  are  now  under  way  to  extract  more  quantitative  data  than 
previously  possible.  As  indicated  by  Gad-el-Hak  (Ref.  47),  the  advent  of  advanced  computers  capable  of 
handling  high-resolution  images  has  made  it  possible  to  combine  flow-visualization  and  dig ital -image  pro¬ 
cessing  techniques  to  obtain  quantitative  information.  Lasers  have  become  a  key  element  in  many  water 
facility  installations.  Quantitative  flow-field  information  has  been  obtained  in  recent  water-flow  exper¬ 
iments  of  vortical  motions  using  2-D  laser  velocimetry  (Ref.  48).  Laser  optics  have  also  been  used  to 
generate  an  intense  sheet  of  light  to  enhance  the  visualization  of  the  flow  structure  in  arbitrary  planes 
(Ref.  49).  A  laser-induced  fluorescence  visualization  technique  can  provide  more  detailed  information  on 
the  structure  of  complex  flows  (Ref.  50).  The  interest  in  unsteady  aerodynamics  has  led  to  more  sophisti¬ 
cated  model  support  apparatus  and  instrumented  models. 

The  water  facility  "standard  bearers"  of  the  1970s  continue  to  make  major  contributions  in  this 
decade  to  the  understanding  and  control  of  the  flow  about  advanced  vehicles.  In  recent  years,  emphasis  at 
Northrop  has  been  placed  on  the  establishment  of  a  flow  visualization  data  base  on  present-  and  future- 
generation  fighter  aircraft  configurations  that  are  characterized  by  highly  coupled  forebody  and  wing 
vortex  systems  at  extreme  attitudes  (see  Ref.  51).  ONERA  in  France  and  the  NAE  in  Canada  continue  a  long¬ 
standing  tradition  of  excellence  in  water  facility  applications  to  air,  ground,  and  marine  vehicle  design 
(Refs.  52  and  53,  respectively). 

Several  water-facility  installations  in  the  United  States  have  assumed  leadership  positions  in  aero¬ 
nautical  and  related  hydrodynamic  research  in  recent  years.  The  water  tunnel  at  NASA  Ames-Dryden  Flight 
Research  Facility,  modeled  after  the  Northrop  tunnel,  has  become  a  "workhorse"  for  NASA  since  its  incep 
tion  in  the  early  1980s.  Considerable  work  has  been  done  in  cooperation  with  industry,  universities,  and 
other  U.S.  government  agencies  to  increase  the  experimental  data  base  on  advanced  military  aircraft  con¬ 
figurations.  The  Flow  Research  Company  towing  tank  has  most  recently  been  used  in  support  of  the  Air 
Force  supermaneuverabi 1 ity  program  to  study  the  unsteady  aerodynamics  of  slender  wings  and  bodies  undergo¬ 
ing  pitching  oscillations  (Refs.  54  and  55).  The  Tracor  model  basin  was  used  to  simulate  the  pitch-up 
maneuvers  of  a  slender  generic  fighter  model  (Ref.  56). 

Several  other  organizations  have  recently  acquired  water  tunnels.  NASA's  Langley  Research  Center 
constructed  a  facility  with  a  vertical  test  section  similar  to  the  NASA  Ames-Dryden  tunnel  and  is  initiat¬ 
ing  a  number  of  projects  to  support  their  aeronautics  research  programs.  The  success  of  the  pilot  water 
tunnel  at  AFWAL  at  Wright-Patterson  Air  Force  Base  has  led  to  the  installation  of  a  larger  QNERA-type 
water  tunnel  with  a  vertical  24-  by  24-in.  test  section.  This  tunnel  is  undergoing  operational  checkout 
tests  and  Is  expected  to  be  in  use  as  a  research  facility  in  November  1986.  Eidetics  Internal ional  has 
completed  a  new  water  tunnel /channel  with  a  15-  by  20- in.  horizontal  test  section  incorporat ing  a  unique 
downstream  viewing  window  to  permit  flow  visualization  in  the  cross-flow  plane  as  well  as  the  usual  plan- 
form  and  side  views.  A  larger  version  of  the  same  tunnel  with  24-  by  36-in.  test  section  is  also  under 
construction  and  Is  Intended  primarily  to  provide  a  capability  for  performing  both  static  and  dynamic 
experiments  at  higher  angles  of  attack  (to  90")  to  support  technology  advancements  related  to  fighter 
aircraft.  A  water  tunnel  designed  by  the  Visual  Aerodynamics  Division  of  Eidetics  International  with  a 
24-  by  24-in.  test  section  was  recently  installed  at  the  General  Dynamics  Corporation  in  Fort  Worth  to 
support  their  In-house  research  programs  in  advanced  fighter  technology. 


The  installations  cited  above  have  equally  significant  counterparts  in  Europe.  In  addition  to  ONERA, 
the  Bertin  and  Company  water  tunnel  in  France  was  utilized  recently  to  test  a  canard-wing  arrangement  for 
which  flow-visualization,  pressures,  velocities,  and  forces  were  obtained  (Ref.  57).  Numerous  installa¬ 
tions  are  In  operation  in  England  and  are  used  for  diverse  aerodynamic  and  hydrodynamic  flow  problems. 

The  No.  2  Ship  Tank  and  Rotating  Arm  in  the  Maneuvering  Tank  at  the  Admiralty  Research  Establishment, 
which  has  been  In  operation  for  decades,  demonstrated  the  powerful  vortex  flows  shed  from  the  hull  of  a 
modern,  highly  maneuverable  submarine  model  (Ref.  58).  A  systematic  comparison  of  vortex  positions 
obtained  on  slender  missile  configurations  in  water  tunnel  and  wind  tunnel  facilities  was  recently  made  at 
the  8riti$h  Aerospace  Military  Aircraft  Division  (Ref.  59).  Qualitative  and  quantitative  testing  of  para¬ 
chute  canopies  of  various  shape  and  porosity  was  conducted  In  the  Southhampton  (England)  Towing  Channel  to 
evaluate  pitch  stability  characteristics  (Ref.  60).  IMI  Summerfield  in  England  studied  the  internal  flow 
characteristics  of  a  ramrocket  combustion  chamber  (Ref.  61),  and  the  flow-visualization  results  led  to  an 
improved  fuel  supply  design.  Unsteady  flow  phenomena  were  investigated  in  the  towing  tank  of  DFVLR  in 
Germany,  where  aircraft  models  underwent  prescribed  accelerations  and  decelerations  (Ref.  62).  The 
University  of  Stuttgart  constructed  two  new  water  facilities,  and  recent  results  of  research  work  con¬ 
ducted  in  these  installations  are  provided  in  Ref.  63.  Models  of  complete  military  and  commercial  air¬ 
craft  configurations  and  isolated  airframe  components  have  been  tested  in  the  MSB  water  tunnel  (Ref.  41). 

Water  facilities  are  an  important  element  in  vehicle  design  in  Asian  countries.  A  high-speed  water 
tunnel  (up  to  10  ft/sec)  designed  by  the  Visual  Aerodynamics  Division  of  E idetics  International  was 
installed  in  a  research  laboratory  at  the  Aero  Industry  Development  Center  in  Taiwan  in  1984  to  support 
the  aircraft  development  programs  in  that  country.  This  tunnel  has  a  24-  by  24-in.  horizontal  test  sec¬ 
tion.  The  Peking  Institute  in  the  People's  Republic  of  China  has  employed  a  water  tunnel  to  visualize  the 
vortex  flows  about  strake-wing  planforms  (Ref.  64).  Japanese  researchers  have  made  extensive  use  of  water 
facilities  to  understand  the  fluid  flows  about  the  various  aerodynamic  and  hydrodynamic  shapes.  Examples 
of  their  work  are  provided  in  Ref.  9.  Mitsubishi  Heavy  Industries  employed  a  towing  tank  to  study  surface 
ship  designs.  A  study  (Ref.  65)  at  Mitsubishi  led  to  the  solution  of  a  vibration  problem  by  improved  hull 
design  obtained  through  systematic  water  facility  testing. 

The  burgeoning  applications  of  water  facilities  to  the  design  of  vehicles  are  apparent  from  the  pre¬ 
ceding  historical  review.  The  following  section  will  discuss  specific  investigations  in  water  facilities 
to  demonstrate  their  role  in  the  vehicle  design  process.  These  representative  investigations  will  demon¬ 
strate  the  strengths  and  limitations  of  water  facilities  in  aeronautical  and  related  hydrodynamic 
research. 


3.  SPECIFIC  APPLICATIONS  OF  WATER  FACILITIES  TO  AERONAUTICAL  AND  RELATED  HYDRODYNAMIC  PROBLEMS 

Experiments  performed  in  the  NAE,  CalTech,  Northrop,  and  NASA  Ames-Dryden  water  facilities  are 
described  in  this  section  to  provide  a  flavor  of  the  myriad  applications  of  these  installations  to  air, 
ground,  and  marine  vehicle  design.  NAE  and  CalTech  have  long-standing  traditions  in  the  application  of 
water  tunnels  to  aeronautical  and  related  hydrodynamic  problems.  The  Northrop  and  NASA  Ames-Dryden  facil¬ 
ities  represent  a  "new  generation"  of  water  tunnels  that  have  made  significant  contributions  to  vehicle 
design.  Collectively,  these  installations  represent  over  100  years  of  water-facility  experience.  Empha¬ 
sis  will  be  placed  on  experiments  pertinent  to  current  and  future  commercial  and  military  vehicles. 

3.1  National  Aeronautical  Establishment,  Ottawa,  Canada 

The  NAE  water  tunnel  (Fig.  5)  is  a  continuous-flow,  closed-circuit  design  having  a  10-  by  13-in. 
horizontal  test  section.  Flow  velocities  in  the  working  section  can  vary  from  0.2  to  10  ft/sec.  The 
diverse  experiments  conducted  in  this  facility  encompass  steady  and  unsteady,  and  attached  and  separated 
flows  about  air,  ground,  and  marine  vehicles.  A  detailed  description  of  this  installation  is  provided  by 
Dobrodzicki  (Ref.  23). 

Figure  6  Illustrates  the  flow  about  a  wing  with  a  submerged  lifting  fan  in  proximity  to  the  ground. 
The  fluid  tracers  reveal  the  fan  efflux,  recirculation  region,  and  fountain  effect.  The  fan-wing  and 
jet-wing  flow  interactions  were  useful  In  interpreting  the  anomalies  in  the  lift,  drag,  and  pitching 
moment  characteristics  obtained  in  wind  tunnel  tests.  The  simulation  of  this  flow  situation  is  of  current 
interest  to  advanced  fighter  aircraft  configurations  with  a  requirement  for  short  takeoff  and  vertical 
landing  (ST0VL)  capability.  For  such  configurations,  water  flow  visualization  could  provide  insight 
regarding  the  jet-induced  effects  on  the  configuration  aerodynamics  and  potential  hot-gas  reingestion 
problems. 

Figure  7  shows  the  interaction  of  the  simulated  exhaust  from  a  wing-mounted  engine  with  a  wing  and 
slotted  tral ling-edge  flap  arrangement.  This  is  representative  of  the  externally  blown-flap  (EBF)  concept 
that  was  applied  to  the  McDonnel -Douglas  YC-15  military  transport  configuration.  The  supercirculation 
effect  Induced  by  the  high-velocity  jet  is  clearly  Illustrated  in  the  flow-visualization  photograph.  It 
Is  noted  that  the  boundary- layer  separation  characteristics  of  the  unpowered  wing  and  flap  combination  are 
not  accurately  represented  in  the  water  tunnel  owing  to  the  subscritlcal  Reynolds  number  and  the  subse¬ 
quent  laminar  separation.  However,  the  ability  of  the  jet  exhaust  to  reattach  the  flow  to  the  wing  and 
flap  surface  Is  qualitatively  represented.  At  higher  jet  momentum,  the  jet-induced  effects  on  the  poten¬ 
tial  flow  field  are  simulated  in  a  quantitative  sense. 


The  boundary- layer  flow-separation  characteristics  of  a  military  transport  model  are  shown  in 
Fig.  8.  Results  of  such  tests  must  be  carefully  interpreted  because  of  the  low  Reynolds  number  conditions 
typical  of  water  tunnel  operation.  Used  judiciously,  however,  flow  visualization  can  indicate  regions  on 
the  aircraft  surface  that  may  be  susceptible  to  flow  separation. 

A  related  study  concerns  the  flow  separation  from  the  upswept  rear  fuselage  typical  of  a  rear-loading 
transport  aircraft.  The  vortex  pair  shed  from  the  aft  fuselage  section  is  shown  in  Fig.  9.  The  strength 
and  location  of  the  vortices  will  vary  with  the  Reynolds  number  because  of  the  lack  of  a  fixed  line  of 
boundary- layer  separation.  Despite  this,  the  water  flow  simulation  was  used  to  identify  the  source  of 
degraded  performance  and  stability  problems  as  well  as  unsteady  loads  on  cargo  doors.  This  flow  situation 
resembles  the  vortex  formation  on  displacement  hulls  and  submersible  vehicles. 

The  aerodynamic  cross-coupling  effects  associated  with  an  oscillating  generic  fighter  model  were 
studied  in  water  tunnel  flow-visualization  experiments.  A  representative  result  is  shown  in  Fig.  10.  The 
water  flow  simulation  revealed  a  lateral  oscillation  of  the  forebody  vortices  caused  by  an  oscillation  in 
pitch  and,  as  a  result,  the  vortices  were  observed  to  shift  from  one  side  to  the  other  of  a  top-mounted 
vertical  fin.  The  relatively  simple  experiment  provided  a  plausible  flow  mechanism  that  would  lead  to 
secondary  lateral  aerodynamic  forces  in  response  to  a  primary  pitching  maneuver.  This  study  indicated 
that  the  unsteady,  separated  flow  field  about  a  slender  configuration  could  be  studied  in  a  qualitative 
sense  in  a  water  facility  despite  the  sensitivity  of  the  forebody  vortical  motions  to  the  Reynolds  number. 

The  modulation  of  the  flow-separation  characteristics  to  improve  ground  vehicle  performance  was 
effectively  demonstrated  in  the  water  tunnel.  Figure  11  reveals  a  large  improvement  in  the  flow  about  a 
tractor-trailer  due  to  the  installation  of  a  cab  deflector.  This  modification  led  to  reduced  drag  and 
increased  stability  and  is  now  a  standard  "fix"  on  most  ground  transport  vehicles  of  this  class.  The 
results  from  this  investigation  indicate  that  small-scale  model  testing  in  a  water  facility  operating  at 
low  Reynolds  number  can  yield  substantial  design  improvements  on  vehicles  that  are  Reynolds-number- 
sensitive  and  nonvortex-dominated. 

3.2  California  Institute  of  Technology,  Pasadena,  California 

The  Hydrodynamics  Laboratory  at  CalTech  consists  of  the  Free  Surface  Water  Tunnel  (FSWT)  and  the  High 
Speed  Water  Tunnel  (HSWT).  The  FSWT  depicted  in  Fig.  12  is  a  closed-circuit  circulation  system  lying  in  a 
vertical  plane.  The  horizontal  test  section  is  20  in.  wide  by  30  in.  deep  and  flow  speeds  up  to  25  ft/sec 
can  be  obtained.  The  top,  or  free,  surface  is  an  air-water  interface.  This  arrangement  allows  investiga¬ 
tions  to  be  performed  on  bodies  acting  on  or  at  a  prescribed  distance  below  the  water  surface,  such  as  a 
ventilated  hydrofoil.  The  HSWT  is  also  a  closed-circuit  design  lying  in  a  vertical  plane  and  features 
interchangeable  2-D  and  axisymmetric  working  sections.  The  2-D  section,  used  principally  to  obtain  sec¬ 
tional  characteristics  of  hydrofoils,  is  6  in.  by  30  in.  by  50  in.  long,  whereas  the  axisymmetric  section 
is  14  in.  in  diameter  and  46  in.  long.  Flow  speeds  up  to  100  ft/sec  and  pressures  from  100  psig  to  the 
vapor  pressure  of  water  are  achievable. 

In  addition  to  flow  visualization,  the  capabilities  exist  to  measure  steady  and  unsteady  forces  and 
moments  and  to  obtain  quantitative  flow-field  information  using  a  laser  doppler  velocimeter  (LDV).  A 
detailed  account  of  the  CalTech  facilities  is  provided  by  Ward  {Ref.  66). 

Applications  of  the  CalTech  water  facilities  to  vehicle  design  have  typically  pertained  to  marine 
craft.  The  inception  ana  scaling  of  cavitation  on  hydrodynamic  shapes  have  been  studied  extensively. 
Studies  performed  in  the  HSWT  demonstrated  the  importance  of  the  boundary  layer  in  cavitation  inception. 
This  was  accomplished  using  a  Schlieren  system  to  visualize  the  origin  and  migration  of  cavitation  bubbles 
within  the  boundary  layer  on  a  bluff  bodv  and  their  subsequent  entrainment  into  the  mainstream.  A  repre¬ 
sentative  result  from  a  study  of  cavitation  phenomena  is  shown  in  Fig.  13,  which  depicts  the  cavitating 
flow  over  a  2-0  wedge  at  high  angle  of  attack. 

Recent  emphasis  has  been  placed  on  the  development  of  inlets  suitable  for  water-jet  propulsion  sys¬ 
tems.  Sophisticated  inlet  models  have  been  tested  ir.  the  HSWT  and  FSWT  that  featured  translating  and 
rotating  lips,  variable-geometry  wal Is,  and  auxiliary  or  secondary  inlets.  The  influence  of  upstream  air 
content,  the  thickness  of  the  approaching  boundary  layer,  and  numerous  boundary- layer  control  devices  on 
the  inception  of  cavitation  and  inlet  recovery  efficiency  have  been  determined  in  these  investigations. 

Hydrofoil  development  projects  have  addressed  the  effects  of  flaps  in  cavity  flow,  the  study  of 
hydrofoil  sections  having  good  performance  in  fully  wetted  and  cavity  flow,  and  the  performance  of  venti¬ 
lated  foils  near  a  free  surface.  The  latter  experiment  provided  verification  of  a  theory  by  Furuya 
(Ref.  67)  to  predict  the  forces  on  supercavitating  or  ventilated  hydrofoils  of  finite  aspect  ratio,  arbi¬ 
trary  shape,  and  variable  submergence. 

Aeronautical  research  projects  pertaining  to  the  trailing  vortex  systems  generated  by  lifting  sur¬ 
faces  were  undertaken  In  the  FSWT.  The  axial  and  tangential  velocity  profiles  in  the  wake  region  were 
measured  using  an  LDV  system  and  the  data  were  used  to  confirm  a  theory  for  the  structure  and  decay  rate 
of  a  trailing  vortex. 

The  experiments  performed  in  the  CalTech  installations  exemplify  the  capabilities  of  water  facilities 
to  yield  qualitative  and  quantitative  surface  and  off-body  flow-field  Information  to  aid  in  theory  devel¬ 
opment  and  marine  and  flight  vehicle  design. 
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3.3  Northrop  Corporation,  Aircraft  Division,  nawthorne,  California 

The  Northrop  Corporation  water  tunnel  is  a  continuous-flow,  closed-circuit  facility  having  16-  by 
24-in.  vertical  test  section  (Fig.  14).  This  installation  has  been  used  as  a  diagnostic  tool  to  aid  in 
the  aircraft  design  process  since  its  inception  in  1977.  It  was  preceded  by  a  small  pilot  water  tunnel 
having  a  6-  by  6-in.  vertical  test  section  that  could  operate  in  gravity  discharge  and  continuous-flow 
modes. 

The  Northrop  installations  marked  the  advent  of  water  facilities  that  were  dedicated  to  the  study  of 
the  vortex  flows  developed  on  advanced  tactical/fighter  aircraft  operating  at  extreme  attitudes.  These 
installations  satisfied  the  need  for  a  visualization  tool  to  improve  the  understanding  and  control  of  the 
complex  vortical  flows  that  have  become  characteristic  of  highly  maneuverable  military  aircraft  beginning 
with  the  General  Dynamics  YF-16  and  the  Northrop  YF-17  lightweight  fighters  in  the  1970s. 

At  a  very  early  stage  of  its  operation,  the  pilot  tunnel  demonstrated  the  utility  of  a  water  facility 
operating  at  very  low  speed  (0.25  ft/sec)  and  low  Reynolds  number  (10,000/ft)  to  vividly  depict  the  vorti¬ 
cal  motion  about  a  small-scale  model  of  a  complete  fighter  configuration.  Figure  15  shows  the  vortex 
arising  from  flow  separation  along  the  sharp  edge  of  a  wing  LEX  on  a  1/72-scale  YF-17  at  an  angle  of 
attack  of  20°.  Wortmann  has  commented  in  a  recent  paper  (Ref.  68)  that  this,  and  similar  water  facility 
results,  bear  little  resemblance  to  the  real  flow  and  are  principally  of  public  relations  value.  This  is 
hardly  the  case,  however,  because  this  single  flow-visualization  photograph  demonstrates  several  important 
flow-field  features  that  have  been  observed  in  wind  tunnels  and  in  flight  (Ref.  34).  In  addition,  the 
interpretation  of  the  nonlinear  forces  and  moments  and  vortex- induceu  surface  pressures  is  facilitated  by 
the  detailed  3-0  flow  visualization.  For  example,  the  development  of  a  concentrated  vortical  flow  above 
the  wing  surface  and  the  favorable  LEX  vortex- induced  effects  on  the  wing  flow-separation  characteristics 
correlate  well  with  the  nonlinear  lift  increase  at  moderate  and  high  angles  of  attack.  The  breakdown  of 
the  vortex  core  over  the  wing  surface  limits  the  maximum  vortex- induced  lift  increment  and  can  promote 
pitch  instability.  The  proximity  of  the  unburst  vortical  flows  to  suitably  placed  twin  vertical  tails 
enhances  the  stabilizer  effectiveness.  Under  certain  conditions,  however,  the  occurrence  of  vortex  burst¬ 
ing  near  the  tail  surfaces  can  induce  a  severe  buffet  environment  leading  to  structural  Mi  lure.  The  flow 
through  the  boundary-layer  bleed  slots  at  the  juncture  of  the  LEX  and  fuselage  was  observed  to  have  an 
adverse  effect  on  the  LEX  vortex  core  stability  at  high  angles  of  attack,  thereby  reducing  the  maximum 
lift  in  comparison  to  the  configuration  with  slo’.s  closed.  Clearly,  the  availability  of  off-body  flow- 
field  trends  through  simple  water-facility  experiments  is  of  great  value  in  the  aircraft  design  process. 

To  establish  confidence  in  the  water  flow  simulations,  flow-visualization  studies  were  performed  in 
the  pilot  and  larger-scale  water  tunnels  of  the  leading-edge  vortex  behavior  on  thin,  sharp-edged  delta 
wings  encompassing  a  wide  range  of  the  leading-edge  sweep  angle.  The  vortex  positions  determined  from  the 
water  tunnel  testing  were  in  reasonable  agreement  with  results  obtained  at  higher  Reynolds  numbers  in  wind 
tunnels  (Ref.  34).  This  was  due  to  the  insensitivity  of  the  primary  flow  separation  at  the  sharp  leading 
edge  to  changes  in  the  Reynolds  number.  The  fact  that  theoretical  methods  which  ignore  viscous  effects 
can  reasonably  predict  vortex  flow  aerodynamics  is  one  indication  of  the  Reynolds  number  insensitivity  of 
such  phenomenon.  The  agreement  between  the  vortex  positions  determined  in  the  water  tunnel  and  the  wind 
tunnel  is  limited,  however,  because  of  the  viscous  effects  near  the  wing  surface.  The  upper-surface 
boundary- layer  flow  separates  near  the  leading  edge,  generating  a  secondary  vortex  having  a  sense  of  rota¬ 
tion  which  is  opposite  to  that  of  the  primary  vortex.  The  secondary  separation  line  and  the  strength  and 
location  of  the  secondary  vortex  vary  with  the  Reynolds  number.  The  location  of  the  primary  vortex  core 
will  be  affected  by  the  state  of  the  boundary  layer  and  will  be  somewhat  inboard  and  higher  off  the  wing 
surface  when  subcritical  (laminar)  separation  occurs. 

The  vortex  breakdown  characteristics  compared  favorably  with  similar  observations  made  in  wind 
tunnels  and  in  flight,  as  shown  in  Fig.  16.  This  correlation  indicated  that  under  certain  restrictive 
conditions  the  relative  importance  of  inertia  and  viscous  and  pressure  terms  was  simulated  in  the  water 
tunnel.  Experience  suggests  that  the  adverse  pressure  gradient  in  the  external  potential  flow  field  is 
the  dominant  parameter  affecting  the  vortex  breakdown  at  high  angles  of  attack.  The  apparent  success  of 
the  inviscld  Euler  methods  to  "capture"  the  vortex  breakdown  phenomenon  on  this  class  of  aerodynamic  shape 
is  based  on  similar  reasoning  (Ref.  69).  Provided  flow  separation  occurs  simultaneously  everywhere  along 
a  sharp  leading  edge,  a  water  flow  simulation  is  expected  to  provide  an  acceptable  representation  of  the 
size  and  structure  of  the  wake  shed  from  a  thin  wing  at  a  high  angle  of  attack  and,  consequently,  the 
pressure  field  through  which  a  vortex  core  must  traverse.  The  water  tunnel  photograph  of  Fig.  17  illus¬ 
trates  this  flow  situation  on  a  small-scale  model  of  an  advanced  fighter  featuring  a  sharp,  highly  swept 
LEX.  At  a  similar  angle  of  attack,  pilots  of  this  aircraft  have  detected  a  sudden  increase  in  the  exter¬ 
nal  noise  Intensity  which  Is  associated  with  the  forward  advance  of  the  vortex  breakdown  position  on 
either  side  of  the  canopy.  Another  water  tunnel -to-fl ight  correlation  of  a  qualitative  nature  is  shown  in 
Fig.  18,  which  depicts  LEX  vortex  breakdown  on  a  current  fighter  aircraft  at  high  angle  of  attack.  The 
water  tunnel  model  (an  Inexpensive,  plastic  model)  exhibits  vortex  bursting  over  the  wing  panel  at  a  loca¬ 
tion  approximating  the  burst  position  on  the  full-scale  aircraft.  It  is  upon  this  premise--the  dominance 
of  the  adverse  pressure  gradient  in  the  external  potential  flow  field--that  water-facility  vortex- 
breakdown  results  can  be  applied  to  higher-Reynolds-number  phenomena  in  air  at  high  angles  of  attack. 

The  water  tunnel  became  an  Important  element  in  the  major  aircraft  programs  at  Northrop  as  a  result 
of  these  preliminary  Investigations.  The  ensuing  flow-visualization  experiments  spanning  the  next  several 
years  demonstrated  the  strengths  and  limitations  of  wnter-facl lity  simulations  of  fighter  aircraft  flow 
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fields.  Emphasis  was  placed  on  studies  at  high  angles  of  attack  where  the  phenomenological  aspects  of  the 
vortex -dominated  flow  field  were  insensitive  to  the  Reynolds  number. 

The  F-5E,  F-5F,  and  F-20A  fighter  configurations  were  the  subject  of  extensive  flow-visualization 
experiments.  The  water  tunnel  was  used  primarily  to  obtain  off-body  flow-field  information  on  airframe 
modlf icatlons  for  which  wind  tunnel  and  flight  test  date  were  available.  For  example,  the  LEX  planform 
and  area  modifications  shown  in  Fig.  19  increased  the  maximum  lift  and  improved  the  static  lateral- 
directional  stability  characteristics  at  high  angles  of  attack.  The  water  tunnel  testing  revealed 
enhanced  stability  of  the  LEX  vortical  flow  at  angles  of  attack  near  maximum  lift,  a  delay  to  higher  angle 
of  attack  of  the  pronounced  vortex  breakdown  asyrmetry  in  sideslip,  and  increased  dynamic  pressure  in  the 
vicinity  of  the  centerline  vertical  tail  arising  from  the  delayed  breakdown  of  the  windward  LEX  vortex. 

It  was  determined  from  the  flow-visualization  testing  of  these  models  that  faired-over  engine  inlets 
could  yield  misleading  results  regarding  the  vortex  behavior  at  high  angles  of  attack.  For  example,  the 
LEX  vortex  breakdown  characteristics  indicated  that  influx  into  the  side-mounted  inlets  at  moderate  to 
high  angles  of  attack  induced  a  local  upwash  near  the  LEX  apex  so  that  the  effective  o  in  this  region 
was  approximately  2°  higher  in  comparison  to  the  blocked-inlet  case.  As  a  consequence,  all  ensuing 
fighter  mode  is  were  tested  with  flowing  inlets. 

The  ability  to  visualize  the  vortex-engine  inlet  interactions  subsequently  led  to  detailed  studies  of 
fighter  conf igurations  with  top-mounted  inlets.  The  water  tunnel  flow  visualization,  in  combination  with 
wind  tunnel  test  results,  showed  that  careful  integration  of  the  inlet  on  the  fuselage  to  take  advantage 
of  the  LEX  vortex- induced  sweeping  action  could  effectively  control  the  inlet  pressure  recovery  and 
dynamic  Jistortion  at  high  angles  of  attack  (Ref.  70). 

The  F-5  configuration  was  also  used  as  a  test  bed  to  evaluate  propulsive  1  if t- enhancement  concepts. 

A  representative  study  featured  the  application  of  spanwise  blowing  to  the  wing  upper  surface  to  reener¬ 
gize  the  LEX  vortex  at  high  a.  At  sufficiently  high  blowing  rates,  a  discrete  vortex  from  the  wing  lead¬ 
ing  edge  was  also  apparent,  as  shown  in  Fig.  20.  In  general,  it  was  found  that  the  blowing  momentum 
required  in  water  tunnel  simulations  to  effect  a  particular  change  in  the  flow  field  was  somewhat  higher 
than  that  in  wind  tunnel  testing  performed  at  higher  Reynolds  numbers.  This  was  due  to  the  increased 
blowing  rates  that  were  necessary  to  energize  the  laminar  boundary  layer  on  the  wing  upper  surface. 

Water  tunnel  studies  confirmed  that  the  asymmetric  shedding  of  the  vortices  from  the  slender  forebody 
of  the  F-5F  at  zero  sideslip  was  responsible  for  the  large  aerodynamic  asymmetries  at  high  angles  of 
attack  that  were  encountered  in  wind  tunnel  and  flight  testing.  A  representat ive  result  from  these 
studies  is  shown  in  Fig.  21.  Although  the  primary  separation  along  the  forebody  sides  was  sensitive  to 
the  Reynolds  number,  the  forebody  vortex  asymnetry  was  promoted  by  an  inviscid  hydrodynamic  instability 
associated  with  a  crowding  together  of  the  vortices  near  the  nose  (Ref.  71).  As  a  result,  the  flow  mecha¬ 
nism  was  amenable  to  study  in  the  water  tunnel.  Because  of  the  laminar  separation,  however,  the  vortices 
were  more  widely  spaced  along  the  forebody  In  comparison  to  the  case  of  turbulent  separation.  Therefore, 
the  angle  of  attack  for  onset  of  the  vortex  asymmetry  was  typically  a  few  degrees  higher  than  the  onset  of 
aerodynamic  asymmetries  determined  from  wind  tunnel  and  flight  tests. 

The  ability  of  the  F-5  "shark  nose"  depicted  in  Fig.  22  to  alleviate  the  vortex  asymmetry  was  demon¬ 
strated  In  water  tunnel  flow-visualization  tests.  The  broader  planform  and  flattened  cross  section  near 
the  nose  increased  the  lateral  spacing  of  the  vortices  and,  therefore,  reduced  the  susceptibility  to  flow- 
field  asymmetries.  Wind  tunnel  and  flight  testing  of  the  F-5F/shark  nose  combination  revealed  a  signifi¬ 
cant  decrease  In  the  aerodynamic  asymmetries  along  with  improved  departure/spin  resistance.  Similarly, 
the  nose  shape  on  the  reconnaissance  version  of  the  F-5F  with  its  forward- look ing  oblique  window  (RECCE 
nose)  was  shown  in  water  flow  studies  to  reduce  the  asymmetric  vortex  shedding  at  high  a. 

The  latter  studies  demonstrated  the  sensitivity  of  the  vortex  flows  to  the  geometry  of  the  forebody 
apex  region  and  the  ability  of  a  water  facility  to  visualize  the  flow-field  changes.  This  led  to  the 
study  of  numerous  other  active  and  passive  methods  of  asymmetric  sideload  alleviation  in  the  water 
tunnel.  These  included  nose  strakes,  helical  separation  trips,  and  normal  and  tangential  blowing  on  the 
forebody.  The  f low-visual ization  experiments  provided  a  rapid  assessment  of  the  ability  of  the  flow- 
control  devices  to  reduce/eliminate/reverse  the  body  vortex  asymmetry.  The  devices  that  were  identified 
as  promising  flow  modulators  in  the  water  tunnel  proved  effective  in  controlling  the  tt-zero  asymmetries 
in  wind  tunnel  testing  of  subscale  F-5  models. 

The  water  tunnel  was  a  useful  tool  in  analyzing  the  directional  stability  trends  obtained  in  wind 
tunnels  and  in  flight  since  at  high  angles  of  attack  the  forebody  can  strongly  affect  the  static  direc- 
Monal  stability.  An  example  Includes  the  F-5F  forebody,  which  develops  an  unusual  vortex  orientation  in 
sideslip  as  shown  In  Fig.  23.  On  the  basis  of  water  tunnel/wind  tunnel/flight  correlations,  the  forebody 
vortices  and  their  unique  orientation  were  identified  as  the  primary  sour;e  of  static  directional  stabil¬ 
ity  at  high  angles  of  attack.  As  a  consequence,  the  effect  of  forebody  modifications  on  the  yaw  stability 
could  generally  be  surmised  from  water  tunnel  testing  by  observing  any  changes  to  the  forebody  vortex 
structure  and  location. 

The  water  tunnel  testing  of  the  F-5  and  related  fighter  models  revealed  several  limitations  to  the 
water  facility  simulations.  At  low  angles  of  attack,  generally  less  than  10°,  the  vortex  core  in  a  water 
tunnel  is  Influenced  by  the  wake  region  produced  by  laminar  separation  from  the  rear  portion  of  the 
wing.  As  shown  In  Figs.  24  and  25,  this  alters  the  vortex  path  and  also  produces  premature  dissipation  of 


the  vortex  because  of  entrainment  of  turbulent  fluid  from  the  separated  wake.  In  contrast,  observations 
of  the  vortex  behavior  in  wind  tunnels  and  in  flight  at  similar  angles  of  attack  indicated  that  the  vortex 
does  not  burst  over  the  wing  (see  fig.  25).  Rather,  the  discrete  vortex  core  exhibits  a  trajectory  that 
conforms  closely  to  the  curvature  of  the  wing,  particularly  when  leading-  and  trai ling-edge  flaps  are 
deflected,  and  can  interact  with  downstream  airframe  components.  For  similar  reasons,  the  laminar  bound¬ 
ary-layer  separation  at  the  subcritical  conditions  in  the  water  tunnel  masks  the  quantitative  effects  of 
deflected  leading-  and  trail ing-edge  devices  on  the  vortex  stability.  The  simulation  of  the  vortex 
behavior  on  wings  with  thickness,  camber,  twist,  and/or  leading-edge  bluntness  is  also  inadequate  at 
low-a  conditions.  Investigations  of  these  configurations,  therefore,  are  limited  to  high  angles  of 
attack  where  flow  separation  occurs  everywhere  along  the  wing  leading  edge.  Under  such  conditions,  the 
fundamental  character  of  the  vortex-dominated  flow  is  similar  to  that  observed  at  higher  Reynolds 
number.  This  was  the  justification  for  water  tunnel  studies  of  the  Space  Shuttle  Orbiter  by  Lorincz 
(Ref.  72). 

The  scale  of  the  vortical  motions  relative  to  the  boundary- layer  thickness  will  determine  the  degree 
to  which  the  water-facility  results  can  be  extrapolated  to  higher  Reynolds  number.  The  vortices  generated 
from  wing  leading-edge  snags  and  lower  and  upper  surface  fences,  for  example,  generally  proved  difficult 
to  simulate  in  the  water  tunnel  because  of  the  strong  interaction  between  the  separated  wing  boundary 
layer  and  the  vortical  motions.  An  attempt  to  represent  the  interaction  of  the  vortex  generated  from  the 
nacelle  strake,  or  engine  “ear,"  of  a  commercial  transport  model  with  the  wing  upper  surface  proved 
futile.  In  flight,  however,  the  strake  vortex  observed  under  conditions  of  natural  condensation  traversed 
the  wing  upper  surface  and  closely  followed  the  curvature  of  the  wing  without  breakdown. 

A  major  contribution  of  the  water  tunnel  pertained  to  the  visualization  of  multiple  vortex  flows, 
vortex  interactions,  and  breakdown  on  fighter  aircraft  featuring  relatively  large  LEXes  in  proximity  to 
the  forebody.  Such  configurations  were  shown  to  develop  strong  flow  interactions  throughout  the  extender 
angle-of -attack  range  owing  to  the  persistence  of  the  vortical  motions  and  their  proximity  to  one 
another.  An  example  of  the  strong  coupling  of  forebody  and  IE X  vortices  on  a  small-scale  model  of  the 
F- 18  is  shown  in  Fig.  26.  The  flow  field  is  characterized  by  symmetric  forebody  vortex  shedding  at  zero 
sideslip  and  the  entrainment  of  this  vortex  pair  by  the  dominant  LEX  vortical  flows.  This  multiple  vortex 
interaction  was  very  sensitive  to  small  changes  in  the  sideslip  angle.  Furthermore,  modulation  of  the 
forebody  vortex  orientation  in  sideslip  was  found,  under  certain  conditions,  to  influence  the  wing  stall 
behavior  and,  hence,  the  lateral  stability  characteristics  (Ref.  73).  For  example,  the  forebody  vortices 
were  resistant  to  asymmetric  orientation  in  sideslip  when  radome  strakes  were  installed  at  40”  above  the 
maximum  half-breadth.  At  small  sideslip  angles,  the  body  vortex  system  was  actually  biased  toward  the 
windward  side  of  the  aircraft.  This  flow  situation  was  unsteady,  however,  as  the  leeward  body  vortex 
would  periodically  pass  underneath  the  windward  vortical  flow.  The  strake  effects  on  the  forebody-LEX 
vortex  interactions  resulted  in  powerful  vortex- induced  downwash  and  sidewash  on  the  windward  wing  panel, 
thereby  delaying  complete  wing  stall  to  angles  of  attack  greater  than  40r'.  This  effect  was  also  observed 
in  wind  tunnel  smoke-flow  visualization.  The  increased  roll  stability  arising  from  the  strake  installa¬ 
tion  was  confirmed  in  subscale  wind  tunnel  and  full-scale  flight  testing.  In  addition,  the  wind  tunnel 
model  installed  on  a  free-to-roll  rig  and  the  full-scale  vehicle  in  flight  revealed  modest  strake- induced 
lateral  oscillations,  or  wing  rock,  which  was  consistent  with  the  unsteady  forebody-LEX  vortex  interac¬ 
tions  observed  in  the  water  tunnel  and  wind  tunnel  flow-visualizations.  The  investigations  demonstrated 
how  changes  to  the  forebody  flow  could  be  amplified  downstream  to  affect  the  wing  aerodynamics  and  how  the 
understanding  of  complicated  flow  interactions  could  be  improved  through  water  tunnel  experiments. 

The  simulation  of  multiple  vortex  interactions  was  extended  to  canard-wing  fighter  configurations. 

At  the  higher  angles  of  attack,  the  water  tunnel  provided  useful  flow-field  results  regarding  the  effects 
of  the  canard  downwash  on  the  wing  flow  field.  For  example,  the  delay  of  leading-edge  flow  separation  on 
the  wing,  the  progressive  development  of  the  wing  vortex  with  increased  angle  of  attack,  and  the  enhance¬ 
ment  of  the  latter  at  high  a  in  the  presence  of  the  canard  downwash  field  were  demonstrated  in  water 
flow  experiments.  The  flow-visualization  photograph  of  Fig.  27  shows  a  discrete  wing  vortex  on  a  small- 
scale  model  of  the  Swedish  Viggen  aircraft  at  a  =  30“,  which  is  well  beyond  the  angle  of  attack  for  stall 
of  the  isolated  wing. 

The  lateral  sensitivity  at  high  angles  of  attack  associated  with  asymmetric  vortex  breakdown  in  side¬ 
slip  is  an  inherent  characteristic  of  any  fighter  aircraft  employing  large  amounts  of  vortex  lift.  Flow- 
visualization  investigations  were  conducted  to  improve  the  flow  situation  depicted  in  Fig.  28  by  suitable 
modifications  to  the  LEX  planform  and  addition  of  LEX  fences  and  slots  to  modulate  the  vortex  core  break¬ 
down  behavior  in  sideslip.  Excellent  correlations  were  obtained  between  the  flow-field  observations  and 
low-speed  wind  tunnel  data  trends. 

The  occurrence  of  wing  rock  is  common  to  slender-wing  aircraft  at  high  angles  of  attack.  Water 
tunnel  studies  of  a  slender  hypersonic  research  configuration  unconstrained  in  roll  revealed  a  self- 
induced,  bounded  lateral  oscillation  similar  to  that  observed  in  the  wind  tunnel.  The  visualization  of 
the  oscillatory  leading-edge  vortex  core  and  breakdown  phenomena  provided  insight  Into  possible  triggering 
and  sustaining  mechanisms  of  this  single-degree-of-freedom  oscillation. 

Water  tunnel  tests  were  performed  on  a  2-0  ejector  nozzle  to  study  the  effects  of  swirl  on  the 
exhaust  plume  characteristics.  The  flow-visualization  experiments  indicated  that  swirl  dramatically 
reduced  the  primary  nozzle  potential  core  and,  hence,  the  mixing  shroud  length  as  shown  in  Fig.  29.  The 
results,  which  confirmed  a  theory  developed  by  Chu  (Ref.  74),  were  useful  for  such  applications  as  jet 
noise  reduction. 


Another  application  of  the  water  tunnel  to  a  nonvortex-dominated  flow  field  pertained  to  thrust 
reversers  on  an  advanced  fighter  configuration  in  and  out  of  ground  proximity.  A  representative  result 
from  these  experiments  is  shown  in  Fig.  30.  The  reverser  plume  shape  and  trajectory  were  observed  for 
ranges  of  the  nozzle  geometry,  orientation,  and  jet  velocity  ratio.  Emphasis  was  placed  on  the  jet  block¬ 
age  and  entrainment  effects  on  the  vertical  and  horizontal  stabilizer  flow  fields.  It  was  difficult  to 
identify  the  pertinent  flow  mechanisms,  however,  and  the  correlations  with  tail  loads  information  ootained 
in  wind  tunnel  tests  were  necessarily  limited. 

3.4  NASA  Ames  Research  Center,  Oryden  Flight  Research  Facility,  Edwards,  California 

The  NASA  Ames-Oryden  Flow  Visualization  System  (FVS)  (Fig.  31)  is  a  single-return  facility  with  a  16- 
by  24-in.  vertical  test  section.  This  installation,  modeled  after  the  Northrop  water  tunnel,  has  been  in 
operation  since  1983.  The  NASA  facility  has  been  used  almost  exclusively  for  the  visualization  and  mea¬ 
surement  of  the  separated  flow  fields  about  advanced  military  aircraft  configurations.  In  addition  to 
NASA  in-house  research,  numerous  cooperative  ventures  have  been  undertaken  with  industry,  universities, 
and  other  government  agencies.  The  NASA  facility  has  expanded  on  the  Northrop  tunnel  capabilities  by 
developing  laser-enhanced  visualization  (LEV)  and  2-D  laser  velocimeter  (LV)  techniques  for  the  water  flow 
studies.  In  addition,  successful  attempts  have  been  made  to  obtain  quantitative  information  using  instru¬ 
mented  models. 

Many  of  the  flow-visualization  studies  have  been  made  in  Support  of  the  NASA  High-Alpha  Technology 
Program.  Flow-field  information  has  been  obtained  on  small-scale  models  of  the  F/A-18,  as  shown  in 
Fig.  32,  to  identify  effective  passive  and  active  vortex  flow-control  concepts  for  future  wind  tunnel  and 
flight  testing. 

A  related  study  sponsored  by  the  Navy  featured  quantitative  measurements  of  the  F/A-18  twin  vertical 
tail  buffet  characteristics  in  the  presence  of  LEX  vortex  breakdown.  The  water  tunnel  investigation,  in 
combination  with  existing  wind  tunnel  and  flight  test  data,  provided  an  improved  understanding  of  vortex- 
empennage  interactions  at  high  angles  of  attack  that  can  lead  to  severe  tail  buffeting.  The  surface  hot- 
film  anemometer  results  showed  high  turbulence  activity  on  the  fins  at  conditions  coincident  with  vortex 
bursting  observed  from  flow  visualization.  The  vortex  frequencies,  vortex  burstinq,  and  dominant  frequen¬ 
cies  from  the  water  tunnel  tests  correlated  well  with  wind  tunnel  tests  »t  l.igner  Reynolds  number 
(Ref.  75). 

A  generic  study  (Ref.  48)  was  made  of  a  concept  to  improve  the  vertical -tai 1  buffet  environment. 

This  test  featured  the  generation  of  a  "free  vortex"  with  an  imposed  downstream  pressure  gradient  to  pro¬ 
mote  core  bursting.  Blowing  along  the  core  was  then  initiated  to  delay  the  onset  of  bursting.  LV  mea¬ 
surements  showed  that  the  active  flow  control  significantly  reduced  the  turbulence  intensity.  It  can  be 
Inferred  from  these  preliminary  results  that  core  blowing  applied  to  the  F/A-18  conf igurat ion  would  have  a 
favorable  effect  on  the  vortex-empennage  interactions  at  high  angles  of  attack. 

A  qualitative  study  was  made  of  an  F/A-18  model  undergoing  pitch  oscillations  and  ramp-type  motions 
to  evaluate  potential  dynamic  lift  benefits  at  angles  of  attack  beyond  the  static  maximum  lift.  The  flow 
visualization  revealed  a  lag  in  the  flow-field  response  to  the  aircraft  motion  and  a  delay  of  the  LEX 
vortex  bursting  in  comparison  to  the  static  case.  The  latter  phenomenon  was  very  transient,  however,  as 
the  flow  field  rapidly  assumed  its  steady-state  condition  upon  termination  of  the  maneuver.  In  contrast 
to  the  results  obtained  at  NAE  on  a  slender  generic  fighter  model,  there  was  no  significant  lateral  oscil¬ 
lation  of  the  vortex  flows  due  to  the  pitching  maneuver.  This  was  attributed  to  the  dominance  of  the  LEX 
vortices  which  emanated  from  fixed  lines  of  separation  and  therefore  were  resistant  to  large  lateral 
excursions . 

The  Space  Shuttle  Orbiter  configuration  was  tested  to  evaluate  the  vortex-shedding  patterns  on  the 
thick  cranked  wing  at  high  angles  of  attack.  A  representati ve  result  is  shown  in  Fig.  33.  This  model  was 
used  to  develop  a  LEV  capability  (Ref.  49)  and  the  resultant  technique  was  then  applied  to  several  other 
configurations,  including  a  powered  AV-8A  Harrier  model  in  ground  proximity  and  a  drag-reduction  concept 
featuring  a  trailing  disk  behind  the  base  of  a  cylinder.  A  typical  flow  visualization  in  a  streamwise 
plane  from  the  latter  study  is  shown  in  Fig.  34. 

Other  aircraft  configurations  that  have  been  studied  in  the  NASA  installation  include  the  McDonnelt- 
Oouglas  F- 15  and  F-4,  the  Grumman/DARPA  X-29,  the  General  Dynamics  F-I6XL,  and  the  NASA/General  Dynamics 
F-106  with  vortex  flaps.  The  vortex  flow  behavior  on  the  NASA/LTV/Rockwel 1  F-8  oblique  wing  test  aircraft 
configuration  was  visualized  as  shown  in  Fig.  35.  Of  particular  interest  was  the  asymmetric  vortex  forma¬ 
tion  and  breakdown  on  this  skewed  wing  arrangement  and  the  interaction  of  the  vortical  flows  with  the 
vertical  tail.  The  understanding  and  control  of  these  phenomena  are  essential  in  order  to  obtain  accept¬ 
able  levels  of  static  lateral-directional  stability  at  moderate  and  high  'ngles  of  attack. 

In  addition  to  experiments  on  specific  aircraft  conf igurations,  basic  aerodynamic  research  programs 
have  also  been  supported  by  water  tunnel  experiments  in  the  NASA  Ames-Dryden  facility.  One  example  Is  a 
recent  study  (Ref.  76)  performed  by  Eidetics  International  for  the  Air  Force  to  investigate  methods  of 
vortex  control  to  enhance  aerodynamic  control  on  fighter  aircraft  at  high  attitudes.  The  aim  of  this 
flow-visual l2ation  study  was  to  explore  methods  of  altering  the  natural  state  of  the  forebody  and  LEX 
vortices  by  interjecting  Into  the  flow  field  either  small  surfaces  or  blowing  jets. 
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4.  SUMMARY 

A  review  has  been  made  of  the  role  of  water  facilities  in  vehicle  design.  The  use  of  water  as  a 
flow-visualization  medium  began  very  early.  The  scientific  application  of  water  flow  visualization  began 
in  the  15th  century  with  the  observations  and  sketches  of  Leonardo  da  Vinci,  who  also  designed  the  first 
water  tunnel.  Leonardo  hypothesized  that  flows  In  water  and  air  were  similar,  which  was  of  great  impor¬ 
tance  to  the  advancement  of  fluid  mechanics. 

In  the  centuries  to  follow,  sporadic  experiments  or.  simple  shapes  were  performed  in  water,  primarily 
for  marine  craft  applications.  The  pioneering  research  of  Ludwig  Prandtl  and  his  colleagues  and  the  dawn¬ 
ing  of  the  era  of  flight  In  the  early  20th  century  marked  an  upsurge  in  the  use  of  water  facilities  for 
vehicle  design.  In  the  ensuing  decades  up  through  World  War  II,  water  tunnels,  channels,  and  towing  tanks 
yielded  useful  qualitative,  and  sometimes  quantitative,  information  on  various  aerodynamic  and  hydrody¬ 
namic  shapes  suitable  for  flight  and  marine  vehicles. 

The  trend  toward  increased  vehicle  size  and  speed  posed  a  scaling  problem  for  water  facility  simula¬ 
tions.  The  matching  of  the  Froude  number  In  marine  craft  testing  was  generally  at  the  expense  of  a  large 
Reynolds  number  gap.  The  scaling  of  cavitation  phenomena  was  a  continual  challenge.  Water  flow  simula¬ 
tions  were  necessarily  restricted  to  the  incompressible  flow  regime  and  could  not  represent  the  phenomena 
encountered  on  high-speed  aircraft  that  emerged  during  World  War  II.  A  significant  Reynolds  number  mis¬ 
match  was  also  present  in  the  testing  of  flight  vehicles  in  water  facilities.  These  problems  continue  to 
the  present  day. 

The  utilization  of  controlled  flow  separations  and  vortex  flows  by  design  to  improve  vehicle  perfor¬ 
mance  emerged  in  the  1950s.  This  increased  the  utility  of  water  facilities  as  a  vehicle  design  tool 
largely  because  the  fundamental  structure  of  these  flows  was  insensitive  to  the  Reynolds  number.  The 
rapid  advancement  of  vehicle  technology  since  that  time  has  resulted  in  expanded  operating  envelopes  and 
corresponding  increase  In  the  flow-field  complexity.  Water  facility  applications  and  capabilities  have 
kept  pace  with  these  technology  developments  and  these  installations  have  assumed  a  prominent  role  in  the 
design  of  air,  ground,  and  marine  vehicles.  Water  tunnel,  channel,  and  towing-tank  facilities  are  in 
operation  in  several  countries  around  the  world,  providing  detailed  flow-field  information  that  will 
assist  in  solving  myriad  present  and  future  aeronautical  and  related  hydrodynamic  problems. 
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(a)  leading-edge  vortex  on  a  slender  wing. 


(b)  Vortices  on  the  lee  side  of  a  missile. 


(c)  Wlngtip  vortices  on  a  comnercial  transport 
aircraft. 


(e)  Bilge  and  stern  vortices  on  displacement 
hulls. 


(f)  Vortex  flows  on  an  aircraft  carrier  flight 
deck. 


(g)  Vortex  flows  about  a  maneuvering  submarine. 


Figure  4.  Sketches  of  vortex  flows  shed  from  air,  ground,  and  marine  vehicles 
(Lugt,  H.  j..  Vortex  Flows  in  Nature  and  Technology,  John  Wjley  A 
Sons,  1983). 


Figure  5.  NAE  water  tunnel. 


Figure  6.  Wing- submerged  lifting  fan  (NAE  water 


Figure  9.  Vortex  wake  of  lifting  fuselage,  side 
view  (NA£  water  tunnel). 


Figure  10.  Modern  aircraft  with  long  forebody— 
angle  of  attack  45n--vort1ces  asymmetrical  (NAE 
water  tunnel). 


(a)  Original  version. 


(b)  With  deflector  on  cab. 


Figure  11.  Truck  trailer  (NAE  water  tunnel). 


Figure  12.  Sketch  of  the  CalTech  FSWT. 


Figure  13.  Cavitating  flow  about  2-D  wedge  at 
high  angle  of  attack  (CalTech  FSWT). 
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Figure  15.  Vortex  flows  about  YF-17  model  at 
c  =  20*  (Northrop  water  tunnel). 
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Figure  16.  Effects  of  wing  sweep  and  Reynolds 
number  on  delta  wing  wortex  breakdown  at  the 
trailing  edge  (from  Ref.  34). 


Figure  17.  Vortex  breakdown  on  a  small-scale  model  of  an  advanced  fighter  configuration  (Northrop  water 
tunnel ) . 
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(a)  Northrop  water  tunnel--dye  injection 


Correlation  of  vortex  breakdown  on  a  current  fighter  aircraft  at  high  angle  of  attack 
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Figure  19.  Effect  of  LEX  planform  modification  on  the  progression  of  vortex  bursting  with  the  angle  of 
attack  (from  Ref.  34). 


Figure  25.  Comparison  of  vortex  flow  behavior  in 
water  and  wind  tunnel  facilities  (Northrop). 


Figure  26.  Forebody-wing  vortex  flow  interactions 
on  an  advanced  fighter  model  (Northrop  water 
tunnel). 


Figure  27.  Vortex  flows  on  a  canard-wing  fighter 
model  (Northrop  water  tunnel). 


Figure  28.  Asymmetric  vortex  breakdown  i 
sideslip  (Northrop  water  tunnel). 


Figure  29.  Effect  of  swirl  on  2-0  ejector  nozzle 
flow  (Northrop  water  tunnel). 


Figure  30.  Thrust-reverser  effect  in  ground 
proximity  (Northrop  water  tunnel). 


Figure  33.  Vortex  flows  about  a  small-scale  model 
of  the  Space  Shuttle  Orblter  (NASA  Ames-Dryden 
water  tunnel). 


Figure  34.  Laser- enhanced  visualization  of  the 
flow  about  a  cylinder  with  trailing  disk  (NASA 
Ames-Dryden  wate~  tunnel). 
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(a)  Low  angle  of  attack.  (b)  High  angle  of  attack. 

Figure  35.  Flow  visualization  of  a  small-scale  model  of  the  F-8  oblique  wing  aircraft  configuration  (NASA 
Ames-Dryden  water  tunnel). 
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SUMMARY 

Flow-field  measurements  have  been  made  to  determine  the  effects  of  core  blowing  on  vortex  breakdown 
and  control.  The  results  of  these  proof -of-concept  experiments  clearly  demonstrate  the  usefulness  of 
water  tunnels  as  test  platforms  for  advanced  flow-field  simulation  and  measurement. 


1.  INTRODUCTION 

At  present,  there  are  significant  efforts  being  made  to  effect  design  changes  which  will  improve 
aircraft  agility,  maneuverability,  and  performance.  But  although  significant  progress  has  been  made  in 
computational  aerodynamics,  reliable  design  changes  still  cannot  be  made  without  recourse  to  experiment. 
Attempts  to  extend  tactical  flight  envelopes  require  extensive,  preflight,  ground-based  model  testing. 
Unfortunately,  conventional  wind  tunnel  testing  is  expensive  and  time  consuming  and  most  facilities  were 
built  before  present-day  optical  methods  for  quantitative  flow  field  measurements  were  envisaged.  Conse¬ 
quently,  there  are  few  nonintrusive,  detailed  measurements  of  lee-side  vortex  flow  fields,  which  are  often 
required  to  support  design  evaluation  and  optimization. 

However,  in  the  past,  qualitative  water  tunnel  simulations  have  guided  many  practical  designs  and, 
since  most  of  these  facilities  have  bee*  built  with  excellent  optical  access,  they  are  ideally  suited  for 
use  in  advanced  flow-field  diagnostics.  Since  the  performance  of  most  lifting  and  maneuvering  bodies  is 
governed  by  extensive  viscous  wakes  and  vortical  lee-side  flows,  nonintrusive  optical  measurement  tech¬ 
niques  are  required.  Consequently,  water  tunnels  offer  the  opportunity  to  obtain  inexpensive,  detailed, 

flow-field  measurements  to  support  "cut  and  try"  designs  and  basic  research.  Water  tunnels  are  excellent 
media  for  conventional  and  scanning  laser  velocimetry  research  (Ref.  1)  and  laser  fluorescence  anemometer 
studies  of  mixing  processes  (Ref.  2). 

This  paper  describes  an  experiment  in  which  detailed  qualitative  and  quantitative  flow-field  observa¬ 
tions  of  vortex  breakdown  were  obtained  and  describes  some  of  the  results  of  attempts  to  control  its 
occurrence.  Specifically,  the  experiment  was  designed  to  determine  the  mechanisms  and  feasibility  of 
controlling  vortex  breakdown  by  introducing  relatively  low  rates  of  jet  blowing  along  the  vortex  core. 


2.  BACKGROUND 

When  a  slender  delta  wing  is  at  an  angle  of  attack  to  an  oncoming  stream,  the  upper-  and  lower- 
surface  boundary  layers  flow  outward  and  separate  from  the  leading  edges  to  form  two  free  sh’ar  layers 
that  roll  up  into  a  pair  of  vortices  above  the  wing.  Increasing  angle  of  attack  strengthens  the  vortices 
until  the  induced  wing  pressure  field  and  associated  adverse  streamwise  pressure  gradients  caise  vortex 
breakdown.  The  flow  Is  further  complicated  as  the  leading-edge  vortices  mix  with  the  wake  frcm  the  trail¬ 
ing  edge  downstream  of  the  wing.  The  phenomenon  of  vortex  breakdown  (or  vortex  bursting)  can  have  a  sig¬ 
nificant  Influence  on  control-surf ace  performance  and  unsteady  loading.  The  inherent  unsteadiness  of  the 
breakdown  process  compounds  the  problem  as  It  continually  moves  the  breakdown  region  back  and  forth  along 
the  vortex  axis.  This  creates  serious  tiine-dependent  flow  problems  and  asymmetrically  disposed  breakdown 
positions  above  the  wing  that  are  aggravated  with  sideslip. 

Wide  variations  of  breakdown  patterns  have  been  observed.  With  increasing  swirl,  the  patterns  change 
from  spiral  to  near  axisymmetric  (Ref.  3).  Spiral  breakdown  most  commonly  occurs  over  delta  wings.  In 
this  breakdown  process,  the  filament  of  fluid  along  the  axis  does  not  spread  out  symmetrically  from  a 
fixed  stagnation  point  but,  instead,  takes  on  a  spiral  form  around  an  unst?ady  "stagnation  point"  which 
varies  in  both  space  and  time.  Axisymmetric  breakdown  over  delta  wings,  although  rare,  can  also  occur 
(Ref.  4).  In  this  case,  the  vortex  has  a  roughly  axisymmetric  breakdown  pattern  with  a  characteristic 
bubble,  which  can  have  single  or  multiple  tails  (Ref.  5). 

Unfortunately,  the  parameters  and  conditions  that  result  in  vortex  breakdown  are  poorly  understood 
because  reliable  quantitative  experimental  data  are  difficult  to  obtain.  With  limited  experimental  infor¬ 
mation  to  guide  flow-field  modeling,  numerical  studies  of  vortex  breakdown  and  control  have  met  with  only 
limited  success  (Ref.  6).  There  have  been  two  principal  reasons  for  this.  First,  flow-field  unsteadiness 
associated  with  breakdown  produces  directional  intermittency.  This  leads  to  large  uncertainties  in  mean 
and  unsteady  flow  measurements  obtained  with  conventional  pitot  and  hot-wire  probes.  Second,  and  perhaps 


more  important.  Is  the  fact  that  vortex  breakdown  is  known  to  be  extremely  sensitive  to  any  form  of  intro¬ 
duced  disturbance.  Probes,  because  of  their  blockage,  may  drastically  alter  the  breakdown  position.  For 
these  reasons,  almost  complete  reliance  has  been  placed  on  f low-visualization  techniques  to  determine 
flow-field  characteristics.  But,  with  the  advent  of  the  laser  velocimeter,  there  are  now  opportunities  to 
determine  accurate,  quantitative,  flow-field  velocity  measurements  of  the  vortex  bursting  process. 


3.  EXPERIMENTAL  DETAILS 

The  experiment  discussed  here  was  conducted  in  the  NASA  Ames-Dryden  Water  Tunnel.  A  general  layout 
of  this  closed-return  facility  which  has  a  41-  by  61-cm  vertical  test  section  is  shown  in  Mg.  1.  The 
four  walls  are  made  of  plexiglass,  which  provides  excellent  optical  access  for  both  flow  visualization  and 
laser  veloclmetry.  The  tunnel  is  driven  by  a  50-hp  ac  motor  and  the  volume  flow  rate  is  controlled  by  a 
butterfly  valve  to  produce  test  section  flow  velocities  of  up  to  35  cm/sec.  The  flow  quality  is  con¬ 
trolled  by  three  honeycombs  In  the  tunnel  circuit,  one  of  which  is  located  at  the  test  section  entry  after 
an  effective  contraction  ratio  of  5:1  (Fig.  1). 

The  test  conf Iguratlon  which  consisted  of  a  45°  half  delta  planform  model  upstream  of  a  16-mesh 
screen  is  shown  In  Fig.  2.  The  tests  were  conducted  at  a  free-stream  velocity  of  11  cm/ sec  and  a  model 
angle  of  attack  of  15°.  The  purpose  of  the  screen  was  to  produce  an  adverse  pressure  gradient  sufficient 
to  cause  vortex  breakdown  In  the  test  section  ahead  of  the  screen.  To  control  vortex  bursting,  a  small 
blowing  tube  was  Installed  at  the  apex  of  the  half-delta  wing  through  which  jets,  at  velocities  higher 
than  the  free  stream,  could  be  pumped  along  the  core  of  the  tip  vortex.  The  blowing  system  provided  for  a 
maximum  jet-momentum  coefficient,  based  on  wing  planform  area,  of  0.14  at  the  maximum  jet  blowing 
pressure. 

In  the  past,  air  or  hydrogen  bubbles  have  been  used  as  tracers  to  visualize  flow  patterns  in  water 
tunnels.  For  steady  flows,  streak  lines  can  be  identified  with  streamline  patterns.  However,  in  more 
complex  flows  of  practical  Interest,  the  use  of  bubbles  for  flow  visualization  has  distinct  drawbacks. 
First  of  all,  their  Introduction  acts  as  a  fluid  lubricant  which  alters  the  apparent  fluid  viscosity  and 
therefore  its  turbulent  structure.  Second,  light  refraction  at  the  gas/water  interfaces  will  destroy 
laser  beam  coherence  and  make  it  impossible  to  obtain  laser  velocimeter  measurements  in  the  regions  where 
the  tracer  is  present.  In  the  current  experiment,  the  vortex  flow  field  was  visualized  by  injecting 
fluorescent  dyes  of  different  colors  through  the  vortex  control  tube  and  from  a  port  near  the  apex  of  the 
model.  Horizontal  and  vertical  laser  light  sheets  were  generated  using  an  argon-ion  laser  and  a  series  of 
cylindrical  lenses  which  produced  a  variable,  thin  sheet  of  laser  light  that  could  be  focused  at  different 
planes  in  the  flow  field.  The  horizontal  fluorescent  sheets  showed  flow  features  in  the  cross-flow  plane, 

whereas  the  vertical  sheets  showed  the  streamwise  flow  development.  Axial  and  radial  flow  visualization 
scans  were  recorded  on  video  tape. 

Three  component  laser  velocimeter  measurements  were  made  with  the  system  shown  in  Fig.  3.  This 
fringe  mode,  forward  scatter  system,  which  utilized  the  4880-  and  5145-A  lines  of  an  argon-ion  laser,  was 
specifically  designed  zo  measure  all  three  components  of  the  vortex  velocities  by  measuring  the  flow  with 
two  different  traverse  configurations.  The  computer-control  led  traverse  system  was  configured  such  that 
successive  orthogonal  scans  measured  the  axial  and  tangential  (swirl)  components  and  the  axial  and  radial 
velocities,  respectively.  Bragg-cell  frequency-shifting,  which  is  required  for  probing  directionally 
Intermittent  flow  fields,  was  incorporated  in  both  spectral  lines.  Two  traversing  systems  are  shown.  The 
one  on  the  opposite  side  of  the  test  section  from  the  laser  holds  the  collecting  lens  and  photodetectors 
for  forward-scatter  light  collection.  The  traversing  system  on  the  laser  side  of  the  test  section  sup¬ 
ports  the  transmitting  lenses.  Mirrors  fixed  to  this  traversing  system  permit  three-dimensional  scanning 
of  the  velocimeter 's  sensing  volume;  the  other  optics  remain  stationary.  Both  traversing  systems  are 
driven  with  computer-controlled  stepper  motors. 

Naturally  occurring  particles  in  the  tunnel  flow  were  used  for  light  scattering.  No  additional  seed¬ 
ing  was  required.  Single-particle  signal  processing  was  used  to  determine  local  time-dependent  veloc¬ 
ities.  From  these  determinations,  the  local  time-averaged  velocities  and  velocity  fluctuation  levels  were 
calculated.  Fluctuating  velocity  cross-correlations  were  also  obtained  by  requiring  co-incidence  on  each 
pair  of  Instantaneous  velocity  occurrences.  On-line  data  acquisition  and  display  were  achieved  by  means 
of  desk-top  computer  analysis.  Details  are  given  in  Ref.  7.  Prudent  selection  of  data-acquisition  elec¬ 
tronics  and  optical  components  enabled  us  to  achieve  velocity  sensitivities  down  to  1  mm/sec,  which  were 
adequate  for  the  present  Investigation. 


4.  TEST  RESULTS 

4.1  Laser  Vapor  Screen 

In  the  absence  of  Jet  blowing,  vortex  breakdown  was  clearly  visible  ahead  of  the  mesh  screen.  Large- 
scale,  unsteady  motions  associated  with  directional  Intermittency  throughout  the  vortex  core  were  appar¬ 
ent.  These  motions  were  associated  with  time-dependent  axial  changes  in  vortex  breakdown  position. 

Closer  visual  inspection  showed  that  the  breakdown  was  of  a  spiral  type,  which  is  the  form  most  commonly 
observed  In  the  flow  over  delta  wings  at  high  angle  of  attack.  At  breakdown,  the  dye  filament  marking  the 
spiral  axis  decelerated  to  form  an  abrupt  kink.  But  the  filaments  did  not  spread  out  initially.  Instead, 
they  took  the  form  of  a  spiral  that  persisted  for  several  turns  before  breaking  up  Into  large-scale 


turbulent- like  flow.  These  time-dependent  spiraling  occurrences  appeared  to  move  randomly  in  the  cross- 
flow  plane  and  along  the  vortex  axis. 

The  effects  of  jet  blowing  can  be  divided  into  stabilizing  and  destabilizing  regimes  that  are  depen¬ 
dent  on  the  jet  excess  velocity  relative  to  the  free  stream.  At  low  blowing  rates,  the  time-dependent 
spiraling  movement  along  the  axis  Is  suppressed,  although  breakdown  still  occurs  and  cross-flow  visualiza¬ 
tion  shows  that  there  is  still  signficant  large-scale  turbulent-like  mixing  and  movement  of  the  vortex 
core  prior  to  breakdown.  As  the  jet  Intensity  is  increased,  the  flow  in  both  the  longitudinal  and  cross- 
flow  planes  is  continually  stabilized  until  at  an  optimum  jet  momentum  coefficient  0.05,  for  these 
experiments,  bursting  is  completely  suppressed  and  vortex  trajectory  meandering  is  stabilized.  Further 
increases  in  jet  velocity  tend  to  increase  lateral  growth  and  motion.  There  is,  then,  a  general  increase 
in  flow-field  large-scale  unsteadiness  although  vortex  bursting  continues  to  be  suppressed.  Examples  of 
cross-flow,  laser-light-sheet-fluorescence  flow  visualization  are  shown  in  Fig.  4. 

4.2  Flow-Field  Measurements 

Based  on  the  visual  observations,  three  axial  stations  were  chosen  for  extensive  mean  and  unsteady 
flow  documentation.  These  stations  covered  the  initial  and  developing  jet  interaction,  and  the  spiraling 
and  breakdown  regions.  Tunnel  centerline  velocity  measurements  were  also  made  with  the  mod.-l  removed  to 
determine  the  flow-field  adverse  pressure  gradient  caused  by  the  screen.  These  results,  shown  in  Fig.  5, 
provide  a  necessary  boundary  condition  for  any  future  flow-field  computations. 

The  mean  axial  and  tangential  velocity  profiles  measured  three  and  four  chords  from  the  model  apex 
are  shown  in  Figs.  6  and  7.  The  "no  blowing"  axial  velocity  profiles  show  that  there  is  a  progressive 
decrease  in  vortex  core  momentum  as  breakdown  approaches.  Comparisons  of  the  no-b lowing  axial  profiles 
at  x/c  =  3.0  and  4.0  show  not  only  a  general  deceleration  of  the  mean  flow  as  the  time-dependent  break¬ 
down  region  is  approached,  but  also  a  much  wider  spanwise  deficit  at  the  x/c  =  4.0  station  because  of 
accentuated  meandering  of  the  vortex  spiral.  Clearly,  axial  blowing  along  the  core  can  overcome  and 
reverse  this  momentum  deficit  for  a  substantial  distance  downstream.  This  effect  is  shown  in  more  detail 
over  the  entire  jet-blowing  pressure  range  in  Fig.  8. 

The  swirl  profiles  show  that  initially  each  vortex  has  an  outer  free  vortex  form  witK  an  inner  vis¬ 
cous  core.  The  swirl  number  of  0.3,  based  on  the  ratio  of  the  measured  maximum  local  tangential  and  free- 
stream  velocities  is  indicative  of  "moderate"  vortex  strength.  The  principal  feature  of  eacn  set  of  tan¬ 
gential  velocity  profiles  is  the  progressive  downstream  decrease  in  the  maximum  induced  velocity  and  mean 
gradient  across  the  core.  A  comparison  of  these  tangential  and  axial  velocity  profiles  shows  that  the 
momentum  addition  due  to  blowing  enhances  the  core  of  the  swirling  flow  in  such  a  way  that  deceleration  of 
both  axial  and  tangential  velocity  components  is  alleviated  near  the  axis.  As  a  result,  vortex  strength 
is  increased  and  breakdown  is  delayed.  Radial  velocity  profiles,  Fig.  9,  show  that  there  are  also  signif¬ 
icant  increases  due  to  core  meandering  associated  with  vortex  breakdown.  It  is  also  an  indication  of 
increased  time-dependent  flow  angularity  in  the  cross-flow  plane. 

Detailed  analysis  of  the  test  results  shows  that  there  is  an  optimum  blowing  rate  for  vortex  stabili¬ 
zation  and  control.  Consider  first  the  comparison  of  the  tangential  velocity  profiles  shown  in  Fig.  10. 
Clearly,  the  highest  jet-blowing  pressure  degrades  the  vortex,  reducing  both  the  maximum  induced  tangen¬ 
tial  velocity  and  the  mean  gradient  across  the  viscous  core.  Comparisons  of  this  type  have  been  usea  to 
determine  the  increases  in  maximum  tangential  velocity  and  vorticty  induced  by  jet  blowing.  Figure  II 
shows  the  effect  of  jet  blowing  on  the  measured  maximum  induced  tangential  velocity  normalized  by  the 
value  observed  without  blowing.  The  effect  is  clearly  significant,  especial ’v  at  the  x/c  =  4.0  station. 
An  indication  of  the  vorticity  induced  by  jet  blowing  Is  given  in  Fig.  12,  where  it  can  be  seen  that 
vorticity  levels  of  up  to  three  times  the  baseline  value  can  be  achieved  at  the  optimum  jet-velocity 
ratio.  At  higher  blowing  pressures,  significant  reductions  occur,  and  even  detrimental  results  arc  appar¬ 
ent  at  the  highest  blowing  rates.  Calculated  vorticity  decay  rates  shown  in  Fig.  13  confirm  the  favorable 
effects  of  moderate  axial  blowing,  which  can  double  the  extent  of  axial  vortex  preservation.  Figure  14 
shows  that,  with  optimum  blowing,  the  axial  vorticity  transport  can  be  increased  by  almost  an  order  of 
magnitude. 

Some  insight  into  the  unsteady  features  of  vortex  breakdown  can  ue  determined  from  the  fluctuating 
flow  measurements.  The  axial  velocity  disturbance  levels,  measured  along  the  core.  Fig.  15,  show  that, 
although  some  flow  reversal  is  still  present  at  the  lower  velocities,  jet  blowing  produces  a  dramatic 
improvement  in  vortex  stability  followed  by  some  slight  degradation  at  high  jet  velocities.  Dramatic 
disturbance- level  reductions  across  the  entire  vortex  core  can  be  achieved  with  optimum  jet  blowing 
(Fig.  16).  Since  local  unsteadiness  levels  above  30%  indicate  points  in  the  flow  at  which  instantaneous 
flow  reversal  occurs,  we  can  see  that,  without  jet  blowing,  there  is  a  significant  region  of  directionally 
intermittent  flow.  This  region  is  completely  removed  with  blowing.  There  is  a  significant  stabilization 
of  the  flow  field  as  vortex  breakdown  no  longer  occurs  and  local  ratios  of  the  dynamic  loadings  are 
reduced  by  factors  of  up  to  20.  Tangential  centerline  turbu lent- 1  ike  mixing- length  scales  have  also  been 
calculated  using  the  local  disturbance  levels  and  mean  flow  gradients.  These  results.  Fig.  17,  show  that, 
without  blowing,  the  mixing-length  scales,  which  are  relatec  to  vortex  movement  in  the  cross-flow  plane, 
are  about  equal  to  the  extent  of  the  local  time-averaged  viscous  core.  Optimum  blowing  reduces  these 
scales  by  almost  a  factor  of  three,  although  the  detrimental  effects  of  excess  jet  blowing  are  more 
clearly  evident.  Centerline  axial  mix i ng- length  scales  based  «r  measured  axial  velocity  fluctuation 
levels  and  mean  axial  velocity  gradient  are  significantly  larger.  They  indicate  that,  without  jet  blow¬ 
ing,  the  extent  of  the  breakdown  region  is  comparable  to  that  of  the  model  chord  length. 
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Turbulence  modeling  of  these  flows  will  also  require  an  understanding  of  the  mixing  mechanisms 
between  a  free  jet  Issuing  into  a  surrounding  swirling  flow  field.  Figure  18  compares  the  free- jet  veloc¬ 
ity  profile  with  that  measured  within  the  vortex,  it  is  apparent,  from  the  differences  in  spreading  rate, 
that  there  are  significant  changes  in  the  entrainment  and  mixing  mechanisms  In  the  two  cases.  Apparently 
there  Is  some  centrifugal-force  stabilization  of  the  large-scale  mixing  and  entrainment  mechanisms.  The 
effect  of  swirl  Is  to  restrict  the  jet  entrainment  and  confine  its  Influence  along  the  core.  This  con¬ 
finement  Improves  jet  effectiveness  In  providing  an  effective  sink  which  preserves  vortex  coherence,  life¬ 
time,  and  stability.  Additional  insight  into  the  turbulent- like  nature  of  the  vortex  flow  fields,  with 
and  without  jet  blowing,  can  be  deduced  from  Figs.  19  and  20,  which  show  the  correlation  between  the 
large-scale  axial  and  tangential  fluctuations.  Comparisons  of  the  results  at  the  x/c  =  3.0  and  4.0 
stations  clearly  show  the  spanwise  increase  in  vortex  meandering  as  breakdown  occurs  in  the  zero  jet-flow 
velocity  case.  This  wandering  generates  an  ertensive  region  of  high  levels  of  apparent  shear  stress  that 
can  be  significantly  confined  and  stabilized  with  blowing. 


5.  CONCLUDING  REMARKS 

The  results  of  this  simple  experiment  show  that  vortex  breakdown  can  be  controlled,  and  eliminated, 
by  relatively  small  amounts  of  jet  blowing  along  the  vortex  axis.  For  this  particular  experiment,  an 
optimum  value  of  jet -momentum  coefficient  for  vortex  control  has  been  identified.  This  opt.mum  value  of 
0.05  corresponds  to  a  jet  excess  momentum  equal  to  the  vortex-core-momentum  deficit  without  blowing.  In 
restrospect,  it  is  not  too  surprising  that  the  most  efficient  jet-blowing  pressure  minimized  the  axial 
mean-velocity  gradients  across  the  vortex.  In  simplistic  terms,  this  means  that  the  jet  gave  the  wing 
vortex  an  initial  "push,"  which  moved  it  with  the  local  mean  velocity;  therefore,  in  the  Lagrangian  frame 
it  was  "unaware"  of  convection.  Consequently,  minimal  energy  was  extracted  from  the  vortex  by  mean-axial- 
velocity  gradients. 

Of  course,  optimum  blowing  conditions  may  well  be  different  in  other,  more  practical  situations. 
However,  this  optimization  criterion  may  still  hold  and  the  experimental  approach  investigated  here  could 
well  prove  effective  if  It  is  applied  to  leading-edge-extension  (LEX)  vortex  control  of  twin-tail  fighter 
aircraft.  Successful  application  could  lead  to  significant  reductions  in  time -dependent  dynamic  loading 
and  flow  angularity  associated  with  vortex  breakdown.  Vortex  control  could  greatly  alleviate  structural 
fatigue  and  improve  control -surface  effectiveness  and  response. 

Finally,  this  work  clearly  demonstrates  how  water  tunnels  can  be  used  in  conjunction  with  advanced 
optical  techniques  to  provide  nonintrusive,  detailed,  flow-field  measurements  of  complex  fluid  flows  with 
a  minimum  of  expense. 
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Figure  3.  Laser  velocimeter. 


Qi  =  0.10 


Figure  4.  Laser  fluorescence  light  sheets 
illuminating  the  cross-flow  plane,  x/c  =  4 
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QUALIFICATION  D’UN  TUNNEL  HYDRODYNAMIQUE 
POUR  DES  PESEES  DE  MAQUETTES  AERQNAUTIQUES 

B.  CHEZLEPRETRE,  Y.  BROCARD 
BERTIN  &  Cie  -  78373  PLAISIR  -  FRANCE 


RESUME 


BERTIN  &  Cie  dispose  d'un  tunnel  hydrodynamique  a  grand  nombre  de  Reynolds  dans  lequel  sont  effectuees  des 
pesees,  des  visualisations  et  des  mesures  par  velocimetrie  laser. 

L'objet  de  la  communication  est  de  presenter  d'abord  le  moyen  d'essais,  puis  les  resultats  d'essais  recents  de  qualifi¬ 
cation  du  tunnel  pour  des  pesees  a  caractere  aeronautique. 

La  qualification  a  consiste  a  comparer  les  resultats  issus  du  tunnel  a  ceux  obtenus  par  I'ONERA  en  soufflene  sur 
la  m§me  maquette  (il  s'agit  d'une  aile-canard  :  nombre  de  Reynolds  :  tunnel  560  000,  soufflerie  :  900  000). 

Le  recoupement,  tout-a-fait  satisfaisant,  met  en  evidence  1’interet  de  ce  type  de  tunnel  pour  I'etude  de  nouveaux 
concepts  en  Aeronautique  gr5ce  a  ('association  de  pesees  qualifiees  et  de  visualisations  tridimensionnelles  de  J’ecou- 
lement,  la  velocimetrie  laser  pouvant  de  plus,  completer  I'analyse  par  des  mesures  locales  de  vitesse. 

SHORT  ABSTRACT 

BERTIN  and  Co  is  running  a  water-tunnel  where  visualisation,  velocity  and  force  measurement  are  performed- 


Recently,  force  measurements  were  done  on  a  wing-canard  model  which  was  also  tested  in  a  wind  tunnel  at  ONERA. 

The  paper  focuses  on  the  presentation  of  the  facility  (including  its  laser  anemometer  and  the  computerized  data 
acquisition  system)  and  on  the  satisfactory  comparison  of  the  balance  measurements  obtained  tn  the  water  tunnel 
and  in  the  wind  tunnel. 

NOTATIONS  : 

Cx  :  coefficient  de  trainee 
Cz  :  coefficient  de  portance 

Cm  :  coefficient  de  moment  de  tangage  (par  rapport  a  I’axe  ONER  A,  figure  5) 

S  :  surface  de  reference  :  surface  de  la  demj-aile  sans  tenir  comote  de  la  presence  ou  de  I'absence  du  canard 
(S  0.01981  m2) 

tk  :  angle  d'incidence  de  la  maquette. 


1.  -  INTRODUCTION 

La  Societe  BERTIN  dispose  depuis  1976  d’un  tunnel  hydrodynamiqj?  a  grand  nombre  de  Reynolds  dans  lequel  ont 
etc  traites  (references  !  et  2)  de  nombreux  problcmes  d'Aerodynamiquc  ou  d'Hydrodynamique. 

Pen  a  peu,  ti  est  apparu  indispensable  d'affiner  les  investigations  effectuees  dans  cc  tunnel,  ce  qui  a  conduit  a  : 

-  ameliorer  la  qualite  de  refoulement  dans  la  vein?  d'essais  (pur  diverses  modifications  de  1'installation), 

-  devcloppcr  les  moyens  do  mesure. 

Cost  dans  cet  esprit  que  le  tunnel  a  ete  eqjipe  progressivement  d'ui  ordinatcur  pour  ('acquisition  et  le  traircment 
des  mesures,  puis  d’un  vclonmotre  laser. 

Recomment  (1986),  une  campagne  d'essais  de  qualification  du  tunnel  pour  des  pesees  de  maquettes  aerouautiq jcs 
a  etc  effectuee  sous  rontrat  de  la  Direction  des  Rerherches  Etudes  ct  Techniques  (DRET). 

La  qualification  a  consiste  a  comparer  sur  la  memo  maquette  les  resultats  mesures  au  tunnel  hydrodynamique 
a  ceux  obtenus  par  I'ONERA  (reference  3),  dans  la  soufflerie  transsomque  S3  ChaJdis  utihsee  a  basse  vitesse 
(\l  U,3). 

L'objet  de  cette  communication  est  de  presenter  la  confrontation  des  resultats  provenant  des  deux  moyens  d'essais 
ap'es  une  description  du  tunnel  et  de  son  cquipement  ainsi  que  de  la  rrrjquettc  et  de  son  montage  en  soufflerie 
et  on  tunnel  hydrodynamique  . 

2.  -  LE  TUNNEL  ET  SON  EQUIPEMENT 

2.1.  -  Caracteristiques  principals 

Le  tunnel  situe  a  PLAISIR  (figure  I)  fonctionne  par  gravite  a  charge  constante  (environ  12  m)  ;  deux  pompes  de 
recirculation  assurent  un  fonctionnement  en  rontinu  par  aspiration  dans  une  reserve  d'eau  dc  80  m*  et  par  refou¬ 
lement  dans  une  cuve  a  niveau  constant. 

Des  veines  d?  diverses  dimensions  peuvent  etre  installees  ;  la  plus  utilisec  est  une  vcine  horizontal  de  400  x  400  mm* 
dans  Jaquelle  la  vitesse  peut  etre  reglee  entre  0  et  4,5  m/s  : 


dimensions  veine  : 

400  x  400  mni 

vitesse  veine  : 

0  a  4,5  n/s 

* 


2.2.  -  Nombre  dc  Reynolds 


Dans  Ja  piopart  d< *s  <\is  truitcs  au  tunnel,  <1  y  a  interet  a  fonctiormcr  au  voisinage  de  la  wtessc  m.ivrualc  pour 
bene  In  ier  d'un  nombre  de  Reynolds  eleve  et  airisi  obtemr  des  resultuts  representatifs  dj  ton  tioniicment  reel. 


Ln^suppusant  line  muquette  dont  la  longueur  <  aracteristique  est  egale  a  C»z  >  in,  lo  nombre  de  Remolds  attrini 
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Cette  valour  relatrvement  elevee  classc  ie  tunnel  PER  TIN  par. in  les  plus  perlormants  en nombre  de  Remolds. 

2.3.  -  Qualite  de  I'ecoulement 

L'installation  a  etc  tongue  avee  le  m?me  souci  de  qualite  qu'unc  soufflerie,  le  circuit  cor, porte  divers  dispositils 
regiilarisateurs  ct  une  contraction  au  niveau  de  la  veine  (rapport  cgal  a  7  dans  le  t  as  de  la  veine  400  x  400). 

13c  plus,  le  c:hoix  d'une  alimentation  par  cuve  a  niveau  constant  assure  a  I'ecoulement  dans  la  veine  dc  conditions 
generatrices  stables  et  bien  djcouplees  du  bruit  hydrodynamique  dcs  pornpes.  les  excitations  meramque  gene  rocs 
par  ecs  d?rniere»  etant  par  ailleurs  f i l trees  par  des  raccordements  souplcs. 

Grace  a  cos  precautions,  le  tunnel  pennot  Pcxocution  d'etudes  d’Hydroacoustiquc,  d’ Hydrodynamique  ...  et  d'Aero- 
dynaiiuque. 

La  qialite  de  Per auk*  merit  est  satisfaisante  : 

-  vitcssv.  dans  la  veine  quasi-uni  forme, 

-  niveau  dc  turbulence  (en  dehors  dcs  couches  h mites)  de  l'ordrc  du  pourcent  a  4  m/s. 

2.4.  -  Equipement  de  la  veine  de  400  x  400  mm2 

La  veine  comporte,  grace  a  m?  structure  reportee  a  Pcxtcricur,  de  grand  hublots  en  plexiglass  assurant  une  \  isibi- 
litc  integrate  sur  les  4  fac  es  et  sur  1200  mm  do  longueur  :  cola  est  partic  uhcrement  interessani  pour  : 

-  les  visualisations  d'cconlcmcnt, 

-  Pinvestigation  par  velocimetrie  laser  on  tout  point  de  la  veine  et  en  partic  alter  dans  les  <  on.: lies  limites 
y  compris  dans  les  angles  de  la  veine. 

Pour  le  montage  de  maquettos  a  la  paroi  (figure  2),  le  hublot  infericur  est  remplace  par  tin?  plaq.i?  metal  hour 
cornportant  un  picge  a  couchc  limite,  un  puits  de  balance  ct  des  traverscos  etanches  pour  Pmtroduc  non  des  onclcs. 

2.5.  -  Equipement  du  tunnel 

L'cq  .ij.cn ient  du  timel  cotnprend  : 

-  des  moyens  de  mesure, 

-  des  moyens  d'acquisition  et  de  traiternent  dc  mesure, 

-  des  moyens  de  visualisation. 

2.5.1.  -  Moyens  de  mesure  (relies  a  1'ordinateur) 

•  les  presssions  dynamiques  ct  les  pressions  locales  sont  mesurccs  par  des  sond?s  adaptecs, 
reliees  a  des  capteurs  a  membrane, 

-  les  efforts  sont  determines  par  des  balances  a  jauges  extensometriques,  Petancheite  a  Peau 
etant  obtenuc  par  enrobage, 

-  les  vitesses  (valeurs  moyenr.es  et  fluctuations)  sont  mesurces  deputs  I9S4  par  velocimetrie 
laser  (figure  3)  ;  en  dece.mbre  1985,  l'installation  helium-neon  a  I  composantc  a  etc  rcmplacce 
par  un  equipement  Argon  a  deux  composantes  ;  un  exemple  d'apphration  est  donne  fig.  4  : 
sondage  horizontal  a  tracers  te  tourbillon  en  aval  de  I'aife  rectangulaire  poj"  o<  If.", 

-  Pmridenre  des  maquettes  est  determine?  par  un  codeur  optique  (precision  1/12  dc  degro). 

2.5.2.  -  Moyens  d’acquisition  et  de  traiternent  de  mesure s 

Le  tunnel  hydrodynamique  est  equipc  d’un  ordmateur  Digital  Equipement  POP  11/23  aver  ecran 
ct  imprimante  graph iques. 

Grace  a  re  materiel  ct  a  des  logiciels  adaptes,  chaquc  point  de  ''onrtionncmcnt  peut  etre  carac- 
terise  par  la  moyenne  et  Pecart  type  d'u~i  large  ec hantillonnagc  acquis  a  cadence  elevee  (par 
exempie  1000  points  par  vote  en  I  seconde).  A  la  fin  de  Pessai,  m  listing  regroupant  les  resul- 
tats  numeriques  et  les  conditions  de  Pessai,  est  etabli  et  ('evolution  des  parametres  peut  etre 
tracee  aussitot. 


2.5.3.  -  Moyens  de  visualisation 

CoTipte  tenu  des  vitesses  relative.tiont  elevees  pratiquees  generalement  dans  le  tunnel 
(v4  m/s),  les  visualisations  sont  principalement  effectuees  par  injection  d’air. 

Les  modes  d’injection  utilises  assurent  par  cisaillement  la  creation  de  fines  bulles  qui  dans 
ces  conditions  sont  fort  peu  perturbees  par  1’effet  I’Archimede  conme  le  montre  I'exemple 
donne  figures  29  et  30  (absence  d'ascendanee  des  bulles). 

Pour  les  essais  a  faible  vitesse,  des  injections  coiorees  sont  utilisees,  mais  le  fonctionnement 
s'effectue  alors  en  circuit  ouvert  pour  eviter  la  pollution  de  ['installation. 

3.  -  MAQUETTE,  MONTAGE  EN  VEINE  ET  EFFETS  DE  PAROIS 

3.1.  -  La  maquette  ONER  A 

La  maquette  represente  une  demi-aile  non  cambree,  a  forte  fleche  (55°)  avec  bord  d'attaque  a  profil  symetrique 
et  bord  de  fuite  tronque  ;  elle  comporte  les  variantes  suivantes  (figures  5  et  6)  : 

-  presence  ou  non  d'un  canard  en  amont, 

-  forme  en  plan*rectangulaire"ou  en  delta,  en  conservant  1'identite  de  la  surface  (0,01981  m'),  de  I'allonge- 
ment  (<v  2)  et  de  la  corde  aerodynamique  moyenne  (C  =  0,1395  m). 

Cette  maquette  appartient  a  l'ONERA  qui  I'a  aimablement  pretee  a  la  societe  BERTIN,  afin  de  supprimor  tojte 
incertitude  sur  i'identite  des  formes  testees  en  soufflerie  puis  au  tunnel  hydrodynamique. 

3.2.  -  Montage  en  soufflerie  ONERA  et  au  tunnel  BERTIN 

3.2.1.  -  Comparaison  des  veines 

La  soufflerie  S3  Ch  de  TONERA  est  une  soufflerie  transsonique  dont  la  veine  qui  a  une  section 
approximative  de  800x800  mm*comporte  2  parois  perforees  et  des  coins  arrondis  (figure  7). 

Pour  la  comparaison,  on  a  retenj  des  essais  realises  a  M  :  0,3,  ce  qui  correspond  a  des  effets 
de  compressibilite  negligeables  et  a  un  nombre  de  Reynolds  de  I'aile  de  930  0Q0. 

Le  tunnel  BERTIN  possede  une  veine  carree  de  section  nettement  plus  faible  :  403  x  400  mm' 
(figure  8)  et  une  vitesse  de  4  m/s  (nombre  de  Reynolds  de  I’aile  560  000). 

3.2.2.  -  Montage  de  la  maquette  a  la  paroi 

La  demi-aile  est  montee  a  la  paroi  d?  la  veine. 

Dans  la  soj/flene  S3  Ch,  la  veine  comporte  au  niveau  de  la  maquette  une  legere  contraction 
obtenue  par  un  decalage  de  50  mm  de  (a  p3roi  supportant  1  .  maquette  (figure  7)  ;  il  existc 
un  dispositif  d’aspiration  (par  paroi  poreusej,  mais  ce  dernier  n’a  pas  etc  mis  en  fonctionnement 
pour  les  essais  considercs  et  I'cpaisscur  de  la  couche  limite  au  niveau  de  la  maquette  n’u  pas 
etc  mesurec  a  M  0,3  (elle  est  egale  a  15  mm  en  I’absencc  de  rcmplissage  a  \t  0,8). 

Dans  le  cas  du  tunnel,  la  maquette  est  positionnec  (figures  2  et  8)  en  aval  d'un  piegc  a  com  lie 
limite  qui  assure  au  niveau  de  la  maquette  un  profil  de  vitesse  uniform?  ct  un?  coach?  U  mte 
faible  (  3  mm,m?sure  effective  par  velo*  imctric  laser). 

3.2.2.  -  Pesee  et  rotation  de  la  maquette  (figure  5) 

Le  montage  de  la  maquette  s'effectue  par  I'mtcrmediaire  d'un*  balan  e  ;  il  permit  la  rotation 
d'ensemble  de  I’atle  et  du  canard,  avec  possibihte  que  le  canard  soit  pese  ou  non  avec  I'^ile. 

L'axe  d?  rotation  dc  la  maquette  coincide  avec  rclui  d?  la  mesure  du  moment  de  tangage  : 

-  pour  le  montage  ONERA,  cet  axe  correspond  au  bord  dc  fuite  de  I'emplanture  de  1'aile  rectan- 
gulaire 

-  pour  la  montage  BERTIN,  cet  axe  est  situe  50  mm  en  amont  du  prec  edent. 

3.3.  -  Correction  des  effets  de  parois 

Dans  le  cas  des  essais  a  la  soufflerie  S3  Ch,  les  dimensions  do  la  veine  sont  suffisam  nent  grandes  pour  quo  1'on 
puisse  n?gliger  I'offet  des  parois  sur  les  pesees. 

Par  contre,  dans  le  cas  dcs  essais  au  tunnel  hydrodynamique,  dont  les  dimensions  sont  nettement  plus  faiblcs 
(§  3.2.1.),  il  a  semblc  preferable  de  tenir  compte  de  ces  effets. 


Los  corrections  de  blocage,  d'incidence  et  de  moment  de  tangage  ont  etc  d?torm>nces  par  la  methode  de 
\1?nsieur  VAUCHERET  (ONERA),  reference  4,  qjj  est  basee  sur  un  calcul  par  singularites  en  ecoulement  station- 
naire,  isentropique  et  irrotationncl. 
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4.  -  COMPARISON  DES  PESEES 

La  comparaison  des  pesees  effectuees  sue  cessivernont  en  soufflerie  pun  an  tunnel  hvdrodvruiruique  jn-ru  ^.r 
qjatre  configurations  : 

-  aiJe  Yectangulaire1*  sans  canard, 

-  aile“rectangulaire*avec  canard  non  pese, 

-  aile'rectangiilairC'avec  canard  pese, 

-  aile  delta  sans  canard. 

4.1.  -  Comparaison  tunnel-soufflerie 

Les  comparaisons  tunnel-soufflerie  etant  qjafitativem?nt  similaires  pour  les  4  configurations  testees,  on  ne  presenu- 
ici  a  litre  d'exemole  que  cello  relative  a  I'aile 'rectangulaire' sans  canard. 

Les  resultats  du  tunnel  hydrodynamique  figurent  avec  et  sans  correction  des  effeis  de  parois,  mais  on  pout  constater 
que  les  corrections  apportees  restent  relativernent  faibles,  malgrc  les  dimensions  reduites  de  la  vcino  d'ossais. 

4.1.1.  -  Courbes  Cx  -  f  (oQ  (figure  9) 

-  On  constate  dins  1 'ensemble  une  bonne  concordance  pour  ia  plage  centralc  d'lncidence  (ecart  inte- 
rieur  a  5  °«  pour  10C^<  30°),  les  courbes  ONERA  etant  situees  entre  les  courbes  RERTIN  corrigees 
et  non  corrigees  des  effets  de  parois, 

-  a  taible  incidence,  les  valeurs  obtenues  au  tunnel  sont  sensiblement  plus  elevees  q.ie  celles  nv*surces 
en  soufflerie  ;  coin  lire  .u  : 

.  a  la  differen  e  des  nornbi^s  de  Reynold*  fsnuMIcrie  MOO  000,  tunnel  ( *>f»0  000) 

.  a  des  dilfesences  d'epaisseur  do  la  couche  lirnitc  ou  de  montage  (ieu  entre  parties  pesees 
et  non  pesees  ...) 

.  au  faible  niveau  d?s  valeurs  mesurees  rendunt  les  mesures  difficilos 

-  a  tres  forte  incidence  (#.>30“),  on  observe  une  divergence  progressive  des  trainees  d  ie  \ raise. ubki- 
blement  au  fonctionnerncnt  en  regime  dec  roc  he,  non  pris  en  compte  dans  la  nmdohsation  d>> 
effets  de  parois. 

4.1.2.  -  Courbes  Cz  -  f  (gv)  figure  10 

-  bonne  concordance  entre  les  vuleirs  d?  C/  (ecart  mtericur  dans  I'cnscmble  a  ^  'V  entre  les  \aleurs 
RERUN  corrigees  et  les  valeurs  ONERA)  jusqu'a  une  incid?n~e  relativernent  mnoriantc  (^*»3r/’); 
uu-dela  on  observe  une  divergence  progressive, 

-  a  basse  incidence,  les  courbes  relatives  au  tunnel  sont  bien  imeaires  (jusqu'a  environ  7°).  alors  que 
celles  provenant  de  la  soufflerie  presentent  une  cassure  pour  of  1",  peut-etre  imputable  a  m  m.inq.j? 
de  sensibilite  de  la  balance  dans  cette  plage  a  M  -  0,3  ;  au-dela  de  7°,  I'apparition  du  tourbillon 
apporte  un  supplement  de  portance  bien  visible  sir  les  cou'bes. 

4.1.3.  -  Courbes  Cm  -  f  (cA)  (figure  1 1) 

Les  moments  de  tangage  sont  considers  dans  les  axes  ONERA  (figure  3),  ce  qui  implique  pour  tos 
valeurs  mesurees  au  tunnel  dans  les  axes  RERUN  un  transfert  de  moment  ct  mtroduit  un  element 
supplementairc  d'incertitude. 

Neanmoins,  les  courbes  de  Cm  presentent  des  evolutions  voisines,  les  e<  arts  restant  relativernent 
moderes  jusqu'a  o(  =  20°  et  etant  plus  marques  au-dela. 

Le  foyer  aerodynamique  reste  au  voisinage  de  I'axe  de  mesure  (Cm  /v  0),  sauf  en  presence  du  canard 
pese  qui  introduit  un  effet  cabreur  marquant  (figure  17). 

4.1.4.  -  Courbes  de  finesse  Cz/ Cx  f(A)  (figure  12) 

L’examen  des  courbes  de  finesse  conduit  aux  remarques  suiv antes  : 

-  la  finesse  maximum  (pour  <  -  6  3  7°)  est  nettement  plus  elevee  por  les  resultats  de  soufflerie, 
ce  qui  est  principalement  du  a  des  trainees  plus  faibles  (§  4.1.1.), 

-  a  faible  incidence,  les  courbes  provenant  du  tunnel  sont  lineaires  alors  que  celles  relatives  a  la 
soufflerie  presentent  une  cassure  (pour 4  -v  I  °),  imputables  a  revolution  sm  lairc  d?  la  portance  (4 
4.1.2.) 

-  au-dela  de  4,  20°,  les  courbes  deviennent  pratiquement  identiques. 

4.2.  -  Comparaison  des  configurations  entre  elles  , 

La  comparaison  des  configurations  entre  elles  permit  de  juger  en  relatif  de  l'influ?n~e  d'ui?  modification  de  ma- 
quette  evaluee  soit  en  soufflerie,  soit  au  tunnel  hydrodynamique. 

Deux  influences  sont  considcrees  : 


-  influence  du  canard  pour  I’aile 'Yectangulaire" 

-  influence  de  lo  forme  en  plan  de  I'aile  (en  l'absence  de  canard). 


Dans  ies  deux  cas,  I'analogic  des  rcsultats  obtenus  avec  les  deux  moyens  d'cssais  est  rcmarquablo,  quel  quo  suit 
le  para  metre. 


4.2.1.  -  influence  du  canard  (figures  13  a  20) 

La  presence  dj  canard  nan  pese  apporte  une  diminution  de  ('incidence  effective  do  1’aile  qui  *>e  truduit 
par  : 

-  une  reduction  jusqu'a  28"  des  coefficients  Cx,  Cz  et  Cm  assoc  tee  a  une  petite  degradation  cic 
la  finesse, 

-  un  recul  de  1'incidence  de  decrochage  qui  posse  de  26  a  31"  arco.-npagn  *  d'u  i  leger  gam  d?  pertain  o 
maximale 

-  un  accroisscrnent  au-dela  de  30°  des  coefficients  Cx,  C/.  et  Cm  sans  modification  de  la  finesse. 

Cette  reduction  de  1'incidence  effective  due  a  la  presence  du  canard  apparait  eg  a  lenient  sur  Ies  visuali¬ 
sations  effectuees  par  bulles  d’air  (figures  29  et  30  pour  20°)  ;  cllc  se  manifesto  par  un  *.ertuin 
retard  dans  le  developpement  de  1'cclatement  du  tourbillon.  Par  aillcurs,  la  pesee  du  canard  ontraine 
un  accroissement  sensible  des  coefficients  Cx,  Cz  et  Cm,  dj  pnncipalenmnt  a  la  conservation  <  omme 
surface  de  reference  de  celle  de  I'aiJe  seule. 


4.2.2.  -  Influence  de  la  forme  en  plan  de  l'aile  (figures  21  a  28) 

Lcs  deux  formes  en  plan  essayees  en  1'absence  du  canard  donnent  des  rcsultats  asst?/  voisms  ;  on 
remarque  cependant  : 

-  pour  l'aile  Vectangulairel  une  portance  tourbillonnairc  plus  lor  to  pour  1  3*^  <  28" 

-  pour  l'aile  delta  : 

.  un  decror.hage  plus  tardif, 

.  un  certain  effet  cabreur, 

.  une  perte  de  finesse  |usqu’a  4  25°. 


5.  -  CONCLUSIONS 


La  campagne  d'essais  effectuee  a  perrrus  de  qualifier  le  tunnel  hydrodyna  nique  pour  des  pesees  a  <  jructere  aero- 
nautique. 

En  effet,  malgre  Ies  dimensions  reduites  de  la  veins  d’essais,  Ies  rcsultats  obtenus  an  tunnel  hycirod>.u  mq  j?  pou- 
plusieurs  configurations  d’une  maquette  pretee  pat  I’ONERA,  sont  tres  voisins  de  coux  obtenus  par  POSTER  \  en 
soufflerie  avec  cette  meme  maquette  : 

-  le  recoupement  est  tres  bon  en  relatif,  en  effet  Ies  ccarts  devolution  entr.  des  configurations  geometriquoment 
differentes  sont  tout-a-fait  similaires, 

-  le  recoupement  est  correct  dans  I'absolu,  Ies  ecarts  restant  dans  I'ensemble  infericurs  a  ■>  4\%  saut  a  tres  grunl.’ 
incidence  en  --egime  decroche. 

En  consequence,  ce  type  de  tunnel  paraTt  tout-a-fait  adaptc  a  diverscs  etudes  aeronautiques  et  tout  spec  iu lemon t 
a  I'evaluation  d'idees  nouvelles  grace  a  la  possibility  d'associer  do  fa«,on  simple  : 

-  des  pesees  a  grand  nombre  de  Reynolds  permettant  de  selectionner  rapid?. lient  en  relatif  Ies  contigj-ations  lo\ 
plus  performontes  et  donnant  cependant  dans  I'absolu,  un  bon  ordre  de  grandeur  des  performances, 

-  des  visualisations  faciles  a  mettre  en  oeuvre  et  non  limitccs  dans  le  temps,  autorisant  une  observation  dire,  to 
aisee  des  phenomenes  tourbillonnaires  tridimensionnels  ot  une  correlation  aver  lcs  rcsultats  des  pesees. 

-  des  mesures  par  velocimetrie  laser,  poir  analyser  quantitativernent  m  nc<  essaire  le  f one  tionnement  loc  al. 
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AND  THE  SUBSONIC  STATIC  AND  DYNAMIC  STABILITY 
CHARACTERISTICS  OF  AIRCRAFT  OPERATING  AT 
HIGH  ANGLES -OF- ATTACK 

by 

Alex  Goodman  and  Clinton  E.  Brown 
Tracor  Hydronautics ,  Inc. 

7210  Pindell  School  Road 
Laurel,  Maryland  20707 
U.S.A. 


1 . 0  SUMMARY 

A  comprehensive  series  of  experiments  were  conducted  in  the  Tracor  Hydronautics  Ship 
Model  basin  ( HSMB® )  to  determine  the  subsonic  static  and  dynamic  stability  characteristics 
of  a  3.5-foot  span,  60-degree  delta-high-wing  fuselage  model  operating  at  high  angles-of- 
attack  up  to  68-degrees.  In  addition,  typical  results  of  flow  visualization  studies  for  a 
range  of  Reynolds  numbers  from  0.2  *  10 6  to  1.6  *  10 6,  are  presented.  Also,  the  motions, 
force  and  moment  coefficients  resulting  from  a  simulated  pitchup  maneuver  are  presented. 

The  paper  describes  the  HSMB,  Large  Amplitude  Horizontal  Planar  Motion  Mechanism 
System  { LAHPMM) ,  60-degree  delta-wing-fuselage  model,  model-support  systems,  and  the  data 
acquisition  and  processing  system  used  in  the  investigation.  The  advantages  of  performing 
tests  in  the  HSMB  using  the  LAHPMM  technique  over  existing  wind  tunnel  techniques,  such  as 
curved  flow  and  combined  oscillation,  for  determination  of  the  dynamic  stability  deriva¬ 
tives  are  presented  and  discussed. 

The  results  of  the  present  investigation  are  compared  with  static  and  dynamic 
stability  results,  obtained  in  the  mid  1950's  from  the  NACA  Langley  Stability  Tunnel,  for 
a  similar  del ta-wing-f uselage  model  operating  over  a  range  of  reduced  frequencies  and 
angles-of-attack  up  to  36  degrees.  In  general,  the  comparisons  show  that  the  results  are 
in  good  agreement.  In  addition,  for  angles-of-attack  up  to  32  degrees,  the  algebraic 
summation  of  the  component  longitudinal  and  lateral  dynamic  derivatives  give  results  which 
are  in  very  good  agreement  with  derivatives  obtained  from  combined  oscillations. 


2.0  SYMBOLS 

The  data  are  presented  in  the  form  of  standard  NACA  coefficients  of  forces  and 
moments  which  are  referred  to  either  the  body  system  of  axes  or  stability  system  of  axes 
with  the  origin  at  the  projection  on  the  plane  of  symmetry  of  the  quarter-chord  point  of 
the  wing  mean  aerodynamic  chord.  The  positive  direction  of  forces,  moments,  angular 
displacements  and  velocities  for  both  systems  of  axes  are  shown  in  Figure  1.  The 
coefficients  and  symbols  are  defined  as  follows: 

C.  lift  coefficient, 

L  q  S 

CQ  drag  coefficient, 

FN 

C.,  normal  force  coefficient,  =- 

N  q  S 

fa 

C.  axial  force  coefficient,  -—=• 

A  q  S 

FY 

Cy  lateral  force  coefficient,  — g 

Ct  rolling-moment  coefficient,  M^/q^Sb 

Cn  yawing-moment  coefficient,  H^/q^Sb 

Cm  pitching-moment  coefficient,  My/q^Sc 

Mx  rolling  moment,  ft-lb 

Mz  yawing  moment,  ft-lb 

My  pitching  moment,  ft-lb 


p  mass  density  of  water,  slugs/cu  ft 

U  free-stream  velocity,  ft/sec 
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wing  area,  sq  ft 
wing  span,  ft 
wing  chord,  ft 


S 

b 


c 


c 

d 

y 

y,  v 
V*  v 
0 


zt  w 
*2 ,  w 
a 

a 

U,  V,  w 
w  *  2nf 
f 
t 

aib 

20 

<iiC 

2U 

6b 

2U 

ac 

2U 

V 

r ,  ? 

r,  V 


q> 

rb 

2U 

rbi 
4U  2 


as 

2U 

as! 

4U  2 

mm 

Iyro 


wing  mean  aerodynamic  chord. 


2 

S 


p/2 


J 


dy» 


ft 


maximum  fuselage  diameter 
displacement  along  Y-axis,  ft 
velocity  along  Y-axis,  ft/sec 
acceleration  along  Y-axis,  ft/sec 

angle  of  sideslip,  radians  unless  otherwise  specified  (sin" 


radians/sec 

displacement  along  2-axis,  ft 


velocity  along  2-axis,  ft/sec 
acceleration  along  Z-axis,  ft/sec 2 
angle  of  attack,  deg  (tan-1  ^  ) 

radians/sec 

component  velocities  along  X,  Y,  z  axis,  respectively 
circular  frequency,  radians/sec 
frequency,  Hertz 
time,  sec. 

reduced  frequency  for  lateral  parameter 


reduced  frequency  for  longitudinal  parameter 
sideslipping  acceleration  parameter 


heaving  acceleration  parameter 

angle  of  yaw,  radians 
yawing  angluar  velocity,  radians/sec 
yawing  angular  acceleration,  radians/ sec 2 
angle  of  pitch,  degrees  or  radians 
pitching  angular  velocity,  radians/sec 
pitching  angular  acceleration,  radians/sec2 
yawing  angular  velocity  parameter 


yawing  angular  acceleration  parameter 


pitching  angular  velocity  parameter 

pitching  angular  acceleration  parameter 
model  mass,  slugs 

model  moment  of  inertia  about  Y-axis,  slug-ft2 
model  moment  of  inertia  about  Z-axis,  slug-ft2 
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Coefficients  and  Derivatives 

Resalts  presented  herein  are  given  in  terms  of  the  coefficients  and  derivatives 
defined  in  the  tabulations  that  follow: 


Normal  force 
P 

c  =  1*L 

N  q^S 


Axial  force 

c  .!*- 

A  q^S 


Pitching  moment 


q.sc 


3CN 

da 


3C„ 


3C 

ra 

TcT 


2U 

3CN 


3C., 


*2U 


.  a c 


4U  2 


3C 
_ m 

32U 

3C 

m 

d3ii 

4CJ  2 


moment 

Yawing  i 

moment 

MX 

M2 

q^Sb 

Cn  = 

q»sb 

3C, 

c  - 

*2U 

np 

*2U 

3Cfl 

3C 

i 

c  = 

_ n 

3-^ 

32U 

nr 

.rb 

*2U 

3C 

3C 

n 

c 

n 

38 

"• 

38 

3Ca 

3C 

_ l 

c 

_ n 

a0b 

n  8 

.  8b 

32U 

a2u 

3Ca 

3C 

_ 

r  = 

n 

3^ 

"p 

4U  2 

4U  2 

3C  a 

K 

l 

r  = 

u 

3^ 

nr 

3rb2 

4U  2 

4U  2 

Side  force 
Fv 

Sr 


Y 

q  S 


V 


3Cy 

1 


"'--f 

*21) 

3C„ 


,Bb 

*2U 

4U  2 

4U  2 


Dot  over  symbol  indicates  derivative  with  respect  to  time. 
Subscripts : 

m  maximum  value 

u  denotes  oscillatory  derivative 

s  with  respect  to  stability  axis 


3.0  INTRODUCTION 

The  United  States  Air  Force  requested  Tracor  Hydronautics,  Inc.  to  carry  out  a 
comprehensive  program  of  model  experiments  to  determine  the  subsonic  longitudinal  and 
lateral  static  and  dynamic  stability  characteristics  of  a  60-degree,  delta-high-wing  fuse¬ 
lage  configuration  operating  at  high  angles-of-attack  beyond  steady  state  stall.  1  The 
primary  objective  of  this  investigation  was  to  demonstrate  that  the  Tracor  Hydronautics 
Ship  Model  Basin  (HSMB*)  in  conjunction  with  the  Large  Amplitude  Horizontal  Planar  Motion 
Mechanism  (LAHPMM)  could  provide  all  the  individual  subsonic  longitudinal  and  lateral 
static  and  dynamic  stability  derivatives  at  high  Reynolds  numbers  and  angles  of  attack  up 
to  68-degrees. 


Tracor  Hydronautics ,  for  a  considerable  number  of  years,  has  been  involved  in  the 
performance  of  both  theoretical  and  experimental  studies  related  to  the  prediction  of  the 
dynamic  stability  and  control  characteristics  of  submarines,  torpedoes,  surface  ships, 
hydrofoils,  and  other  marine  vehicles.  (References  2  to  9.)  In  general,  the  experimental 
work  has  been  performed  in  the  Hydronautics  Ship  Model  Basin.  Specialized  test  equipment 
such  as  the  Sub-PMM  and  LAHPMM  Systems  described  in  References  10  and  11  have  been  used 
for  many  of  these  programs.  The  PMM  Systems  and  techniques,  in  combination  with  the  HSMB , 
are  directly  applicable  to  the  evaluation  of  the  individual  subsonic  stabilityderivatives 
of  aircraft  based  on  the  experience  obtained  over  the  past  twenty-four  years.  In 
addition,  towing  tanks  have  been  used  for  many  years  to  evaluate  the  performance  of 
hydrofoils,  strut  fairings,  and  ott.^r  lifting  surface  configurations.12'13'14  The 
applicability  of  towing  tanks  for  aerodynamic  studies  and  the  associated  scaling  laws  ;s 
discussed  in  some  detail  in  Reference  15.  The  use  of  towing  tanks  for  aerodynamic  studies 
is  best  demonstrated  by  the  Wake-Vortex  Program  performed  for  NASA,  FAA,  and  U.S.  Air 
Force.16'17'1®  The  results  obtained  from  these  studies  provided  the  only  laboratory  far- 
field  data  which  correlated  with  flight-test  results.19'*0 

The  present  paper  provides  a  brief  review  of  the  technical  problem;  describes  the 
facilities  and  LAHPMM  equipment  used  for  the  study;  describes  the  wing-fuselage  model; 
describes  the  model  support  systems  and  six  component  balance;  describes  the  data  acquisi¬ 
tion  system  and  data  reduction  and  analysis  procedure;  and  outlines  the  overall  model  test 
program;  presents  the  nondimensional  coefficients  and  derivatives  obtained  from  static 
longitudinal  tests,  pure  heaving,  pure  pitching,  combined  pitching  tests;  static  lateral 
tests,  pure  swaying,  pure  yawing  and  combined  yawing  tests;  makes  comparisons  with  static 
and  dynamic  data  obtained  from  NACA  tests  conducted  in  mid  1950’s  for  similar  wing-fuse¬ 
lage  configuration.  In  addition,  typical  results  of  the  flow  visualization  and  the 
simulated  pitchup  tests  are  presented  and  discussed. 


4.0  BACKGROUND  AND  TECHNICAL  CONS IDERATIONS 

7 

The  development  of  methods  and  techniques  for  the  experimental  determination  of  the 
static  and  dynamic  stability  derivatives  of  aircraft  has  been  pursued  for  many  years  by 
aerodynamic  laboratories  throughout  the  world.  A  review  and  description  of  many  of  the 
experimental  techniques  used  by  various  laboratories,  from  1913  to  1978,  is  presented  in 
Reference  21.  Two  of  the  most  productive  test  techniques  described  in  Reference  21  are 
identified  as  (a)  model  fixed  in  test  section,  and  (b)  method  of  rigidly  forced  oscilla¬ 
tion.  The  "model  fixed  in  the  test  section  technique"  is  typified  by  the  "curved  flow" 
and  "rolling  flow"  test  techniques  employed  by  the  Langley  Stability  Tunnel  described  in 
References  22  and  23.  As  discussed  in  Reference  23,  the  curved  flow  technique  is  not  an 
exact  simulation  of  curved  flow  because  of  the  static-pressure  gradient  which  exists 
normal  to  the  streamlines  in  curved  flow.  This  gradient  produces  a  buoyancy  which  does 
not  exist  in  curved  flight.  In  addition,  there  is  a  tendency  for  the  boundary  layer  air 
of  the  model  to  flow  toward  the  center  of  rotation  rather  than  outward  as  in  normal  curved 
flight.  The  data  have  to  be  corrected  for  these  effects.  Also,  due  to  the  velocity- 
gradient  screens  (see  Reference  23),  the  turbulence  level  in  the  tunnel  is  quite  high  and 
could  have  adverse  effects  on  model  drag  and  maximum  lift  characteristics.  The  results 
obtained  using  these  techniques  provide  only  the  linear  and  angular  velocity  dependent 
coefficients  at  subsonic  speeds.  (See  References  23  to  33.)  As  described  in  Reference  21. 
various  "rigidly  forced  oscillation"  techniques  have  been  applied  in  the  determination  of 
the  subsonic  and  high-subsonic  rotary  stability  derivatives.  (See  References  34  to 
40.)  However,  many  of  these  techniques  did  not  permit  the  explicit  determination  of  both 
the  rotary  and  acceleration  derivatives.  Some  of  these  investigations  have  indicated  that 
large  values  of  the  coefficient,  C  -  C  ,  can  be  produced  at  moderate  and  high  angles  of 

r  S 

attack  by  swept  and  delta  wing  configurations.  Also,  the  data  presented  in  References  34 
to  40  have  provided  some  information  on  the  effects  of  the  reduced  frequency  parameter  ^ 

and  oscillation  amplitude  on  the  combined  derivatives  for  swept  and  delta  wings  operating 
at  moderate  and  high  angles  of  attack. 

During  the  mid  1950’s,  certain  dynamic  stability  problems  associated  with  high-speed 
aircraft  having  a  high  relative  density  indicated  that  the  acceleration  derivatives  (which 
have  been  neglected  generally  when  making  dynamic  stability  calculations)  may  be 
important.  A  pure  yawing  technique  was  developed  to  directly  measure  the  damping  in  yaw 
derivatives  for  the  lateral  stability  case.41  Reference  41  presents  a  comparison  of 
results  obtained  from  curved  flow  tests  and  pure-yawing  oscillation  tests.  The  results 
indicated  that  for  certain  configurations,  the  derivative  C  and  C  can  be  quite  large 

nB 

at  high  angles  of  attack.  Direct  measurements  of  the  swaying  acceleration  derivatives 
have  essentially  substantiated  these  results.  (See  References  42  and  43.)  Unfortunately 
the  system  described  in  Reference  41  could  only  satisfy  the  pure  yawing  condition  at  a 

single  amplitude  and  frequency  of  oscillation  (^  =■  0.23)  due  to  the  mechanics  of  the 

equipment.  In  addition,  the  model  experienced  a  velocity  and  acceleration  in  surge  during 
the  "pure  yawing  mode"  which  could  affect  the  results.  As  a  result  of  the  limitations  of 
the  equipment  and  associated  instrumentation,  the  system  could  not  be  used  to  study 
directly  the  variation  of  the  damping  and  acceleration  derivatives  with  amplitude  of 
oscillation  and  the  reduced  frequency  parameter.  Subsequent  improvements  in  the  equip¬ 
ment,  described  in  References  43  and  44,  permitted  a  broader  variation  in  both  reduced 
frequency  and  amplitude.  However,  the  capability  to  perform  this  type  of  experiment  was 
eliminated  when  the  Langley  Stability  Tunnel  was  disassembled  in  1958  arj  moved  to  V.P.I. 


In  the  early  1950's  the  problems  associated  with  the  dynamic  behavior  of  submarines 
and  other  submerged  bodies  became  increasingly  more  and  more  important  with  each  new 
increase  in  submerged  speed.  To  meet  this  challenge,  the  Planar  Motion  Mechanism  System 
was  conceived  in  1954  and  placed  into  operation  in  1956.  45,46  The  basic  PMM  Systems 
described  in  References  46  and  47  incorporated  in  one  device  a  means  for  experimentally 
determining  all  of  the  hydrodynamic  coefficients  required  in  the  equations  of  motion  of  a 
body  moving  through  a  fluid  in  six  degrees  of  freedom.  These  coefficients  are  usually 
classified  into  three  general  categories:  static,  rotary,  and  acceleration.  The  static 
coefficients  are  due  to  the  components  of  linear  velocities  of  the  body  relative  to  the 
fluid;  the  rotary  coefficients  are  due  to  components  of  angular  velocity;  and  the  acceler¬ 
ation  coefficients  are  due  to  either  linear  or  angular  acceleration  components.  The  PMM 
Systems  explicitly  determine  numerical  values  in  each  of  the  three  foregoing  categories  by 
imparting  "pure"  motions  to  the  model  as  described  in  detail  in  References  46  and  47.  The 
PMM  Systems  can  also  be  programmed  to  produce  the  typical  combined  motions  that  are  used 
in  present  wind-tunnel  studies.  In  addition,  the  means  for  measuring  and  resolving  the 
force  and  moment  coefficients  in  each  category  are  an  essential  part  of  the  system.  A 
description  of  the  currently  used  PMM  data  acquistion  system  is  presented  *n  References  10 
and  11.  Briefly,  the  static  coefficients  are  obtained  directly  from  measurements  of  the 
steady  force  in  the  static  mode;  the  rotary  or  damping  coefficients  are  obtained 
explicitly  from  measurement  of  the  quadrature  components  of  the  oscillatory  force  in  the 
pure  yawing  or  pitching  modes;  and  the  acceleration  coefficients  are  obtained  explicitly 
from  measurements  of  the  in-phase  components  of  the  oscillatory  force  in  pure  heaving, 
swaying,  yawing,  and  pitching  modes.  The  same  techniques  are  used  for  the  pure  rolling 
mode  as  described  in  Reference  10. 

For  the  present  application,  the  combination  of  the  LAHPMM  techniques  and  the  HSMB 
offers  the  following  advantages  over  existing  wind  tunnel  techniques  such  as  employed  by 
the  Stability  Tunnel  located  at  VPI  and  the  oscillation  techniques  described  in  References 
34  to  44: 

1  .  The  ability  of  the  LAHPMM  to  independently  select  the  frequency  of  operation 
(0.01  Hz  to  0.20  Hz),  yawing  amplitude,  and  swaying  amplitude  in  combination  with  the 
towing  carriage  velocity  can  be  used  to  produce: 

(a)  pure  yawing  motion  over  a  range  of  frequencies  for  a  constant  yawing 
amplitude,  or 

(b)  pure  yawing  motion  over  a  range  of  amplitudes  for  a  constant  frequency,  or 

(c)  combined  yawing  motion  over  a  range  of  amplitudes  and  frequencies. 

2.  The  LAHPMM  can  produce  a  pure  swaying  velocity  and  acceleration  over  a  range  of 
amplitudes  and  frequencies. 

3.  The  LAHPMM  can  produce  a  pure  yawing  motion  combined  with  a  constant  angle  of 
sideslip  on  the  model. 

4.  The  LAHPMM  can  be  used  to  evaluate  the  static  stability  coefficients  over  a  range 
of  sideslip  angles  of  ±30  degrees. 

5.  The  LAHPMM  can  produce  pure  pitching  and  heaving  motions  by  rotating  the  model 
90-degrees  and  using  a  strut-sting  support  system. 

6.  Pitching  and  yawing  can  be  performed  at  angles  of  attack  up  to  70-degrees  without 
using  bent  stings. 

7.  The  support  systems  are  designed  to  provide  minimal  strut  interference  in 
accordance  with  the  criteria  described  in  Reference  48. 

8.  Accurate,  repeatable,  and  direct  measurement  of  model  velocity. 

9.  Low  turbulence  environment. 

10.  Large  test  section  (13  feet  and  25  feet)  and  therefore  minimal  boundary  correc¬ 
tions. 

11.  Operation  at  high  dynamic  pressure  resulting  in  large  forces  and  moments  (see 
Table  1),  and  in  better  resolution  than  achievable  in  many  wind  tunnels. 

12.  High  Reynolds  Number  due  to  lower  kinematic  viscosity. 

Thus,  the  HSMB  in  combination  with  the  LAHPMM  System  provides  the  aeronautical 
community  with  a  powerful  and  unique  tool  for  determining  all  of  the  stability  derivatives 
of  aircraft  required  by  the  equations  of  motion.  In  addition,  'the  HSMB  and  associated 
flow  visualization  techniques  provide  the  researcher  a  means  to  study  and  evaluate  basic 
flow  phenomena. 


5.0  DESCRIPTION  OF  FACILITIES 


The  tests  of  the  present  investigation  were  made  in  the  Tracor  Hydronautics  Ship 
Model  Basin  (HSMB*).  The  HSMB  is  the  largest  privately  owned  and  operated  ship  model 
basin  in  the  U.S.A.  The  facility  is  about  25-feet  wide,  13-feet  deep,  and  420-feet  long. 
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The  specifications  of  the  HSMB  are  presented  in  Figure  2(a)  and  a  partial  view  of  the  tank 
is  shown  in  Figure  2(b).  As  indicated  in  Figure  2(a),  the  HSMB  is  equipped  with  two 
towing  carriages.  The  main  Towing  Carriage  No.  1,  shown  in  Figure  2(c),  was  used  for  the 
present  study.  The  carriage  is  a  servo  controlled,  electro-hydraulic  powered  platform 
that  can  be  operated  at  controlled  speeds  of  up  to  20-feet  per  second.  The  carriage 
control  room  houses  a  DEC  PDP  11/44  digital  computer,  associated  graphics  terminals,  hard¬ 
copy  readouts,  various  instrumentation  and  data  acquisition  systems  in  addition  to  the 
carriage  speed  controls  and  LAHPMM  control  system.  The  on-board  systems  provide  a 
complete  data  acquisition  and  reduction  center  for  immediate  readout  and  processing  to 
coefficient  form  of  force,  moment  and  displacement  data  produced  by  the  six  component 
balance  and  LAHPMM. 

The  Large  Amplitude  Morizontal  Planar  Motion  Mechanism  (LAHPMM)  used  for  the  present 
study  is  shown  in  Figure  -(a).  As  may  be  seen  in  Figure  3(a),  the  system  consists  of  a 
steel-tubular  frame  mounted  transversely  across  the  carriage  open-bay.  The  frame  supports 
a  swaying  carriage  assembly  which  incorporates  a  device  for  setting  sidesl ip/angle-of- 
attack  angles  and  provides  a  support  for  the  yawing  table  and  drive  system.  The  LAHPMM 
can  produce  sinusoidal  pure  swaying/heaving  motions  having  amplitudes  up  to  *3.0  feet  and 
frequencies  of  from  0.01  to  0.20  Hertz.  Likewise  the  system  can  produce  pure 
yawing/pitching  motions  having  amplitudes  up  to  *30  degrees  and  frequencies  of  from  0.0 \ 
to  0.20  Hertz. 

The  sinusoidal  command  signal  for  the  two-axis  servo  control  system  is  provided  by  a 
sine-cosine  potentiometer .  This  function  generator  maintains  the  90-degree  phase  angle 
between  the  sway/heave  motion  and  the  yaw/pitch  motion  required  to  produce  pure  yawing  or 
pure  pitching  motions  as  shown  in  Figures  4  to  9. 

The  LAHPMM  control  unit  shown  in  Figure  10  permits  the  test  engineer  to  select  the 
yaw/pitch  amplitude,  sway/heave  amplitude  and  frequency  prescribed  by  the  test  program  to 
produce  the  pure  motions.  Also,  for  static  tests,  the  command-system  control  can  be  used 
to  remotely  set  the  sideslip  or  ang le-of-attack  of  the  model.  A  complete  detailed 
description  of  the  LAHPMM  system  is  presented  in  References  11  and  47. 


6.0  DESCRIPTION  OF  MODEL 

The  60-degree  del ta-wing-f uselage  model  used  in  the  present  invest igat ion  is  shown  in 
Figure  11  and  the  geometric  charaoterist ics  are  presented  in  Table  2.  The  wing  configura¬ 
tion  was  selected  so  that  comparisons  could  be  made  with  test  data  available  in  the 
literature.  Thus,  the  wing  has  a  flat-plate  cross-section  with  a  biconvex-leading  edge  to 
fix  transition  and  a  beveled- trai 1 ing  edge.  The  wing  was  constructed  using  an  aluminum 
center  section  with  Hysol  leading  and  trailing  edges  attached  as  shown  in  Figure  11.  The 
fuselage  is  identical  to  a  NASA-Langley  existing  fuselage  which  is  part  of  a  generic 
series.  The  cylindrical  part  of  the  fuselage  was  made  using  thin-walled  stainless-steel 
tubing.  The  ogive  nose  was  made  from  Hysol  and  is  defined  by  the  offsets  presented  in 
Table  3.  The  wing  can  be  mounted  in  a  mid,  high,  or  low  position.  For  the  present 
program  a  high-wing  position  was  chosen  to  simplify  the  wing  construction  and  the  wing- 
balance  attachment.  For  the  flow  visualization  tests  the  model  was  equipped  with  dye 
ports.  As  shown  in  Figure  11,  two  ports  were  located  just  forward  of  the  intersection  of 
the  wing  apex  and  fuselage.  Also,  dye  ports  were  ' seated  at  the  fuselage  nose  and  on  the 
high  pressure  side  of  the  ogive  nose  as  shown  in  Figure  11. 

The  model  was  ballasted  so  that  the  model  C.G.  was  coincident  with  the  balance  center 
and  the  model  mass  was  measured.  Also,  the  model  moment  of  inertia  about  the  Y  and  Z  axes 
was  measured  using  a  bifular  pendulum  system. 


7.0  MODEL  SUPPORT  SYSTEMS 

Two  separate  model  support  systems  were  required  for  performance  of  the  static  and 
dynamic  longitudinal  and  lateral  tests.  The  two  support  systems  and  their  attachment  to 
the  LAHPMM  are  shown  in  Figures  12  and  13. 

As  shown  in  Figure  12,  the  longitudinal  support  system  consisted  of  an  8-inch 
diameter  stainless-steel  strut  which  supported  a  4-inch  and  3-inch  diameter  sting.  The 
sting  is  supported  in  a  roll-bearing-block  assembly  which  can  permit  the  forced-rolling  of 
the  model  about  the  model-body  axis.  The  sting  supports  a  balance-holder  tube  which  in 
turn  supports  the  six  component  balance  and  model.  A  typical  arrangement  of  the  longitudi¬ 
nal  system  on  the  carriage  is  shown  in  Figure  14(a).  With  the  arrangement  shown  in 
Figures  12  and  14(a),  the  model  angle-of-at tack  can  be  varied  from  0  to  68  degrees,  in 
two-degree  increments,  using  the  LAHPMM  servo-command  system.  The  support  system  also 
permits  the  balance  center  and  the  model  1/4  MAC  to  be  located  on  the  center  of  rotation 
of  the  LAHPMM  and  at  a  constant  depth  in  the  towing  tank.  This  allows  the  model  to 
perform  pure  heaving  and  pure  pitching  motions  without  introducing  additional  model  mass 
and  moment  of  inertia  tares. 

The  arrangement  for  the  lateral  tests  is  shown  in  Figure  13.  The  system  consists  of 
a  single  tubular  6-inch  diameter  strut  having  an  internal  lead-screw-nut  arrangement 
attached  through  an  a-connect ing  link  to  the  rear  end  of  the  balance-support  tube.  The 
forward  end  of  the  balance-support  tube  is  supported  by  the  strut  using  a  ball-bearing 
yoke  assembly.  A  typical  arrangement  of  the  lateral  system  on  the  carriage  is  shown  in 
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Figure  14(b).  With  the  arrangement  shown  in  Figures  13  and  14(b)  the  angle  of  attack  of 
the  model  can  be  infinitely  varied  between  -4  to  70-degrees  by  driving  the  lead  screw  with 
a  d.c.  servo  motor.  The  balance  center  and  the  1/4  MAC  are  maintained  on  the  LAHPMM 
center  of  rotation  and  at  a  constant  depth  in  the  HSMB.  This  allows  the  model  to  perform 
pure  swaying  and  pure  yawing  motions  without  introducing  additional  model  mass  and  moment 
of  inertia  tares.  The  lateral  support  system  is  similar  to  one  that  was  used  at  the 
Langley  Stability  Tunnel  as  described  in  Reference  32. 

Two  NASA  type  six-component  strain-gage  balances  were  used  for  the  present  investiga¬ 
tion.  The  balance  characteristics  are  summarized  in  Table  4.  A  sketch  showing  a  typical 
internal  arrangement  of  the  balance  with  the  model  is  presented  in  Figure  15.  The  balance 
gages  and  connectors  were  waterproofed  so  that  the  balance  could  be  operated  submerged  in 
the  HSMB.  The  balances  were  calibrated  using  dead  weights  as  shown  in  Figure  16.  The 
resulting  calibrations,  including  interactions  between  components,  were  fitted  with  a 
6*6  matrix  and  stored  on  the  PDP  11/44  computer. 


8.0  DATA  ACQUISITION  AND  PROCESSING  SYSTEM 

An  integral  part  of  the  basic  LAHPMM  System  is  the  means  used  to  process  and  record 
the  data  transmitted  from  the  six-component  balance.  The  LAHPMM  Data  Acqusition  System 
shown  in  Figures  17  and  18  is  described  in  detail  in  Reference  17.  Briefly,  as  shown  in 
Figure  18,  each  channel  is  designed  to  operate  in  either  the  static  or  dynamic  modes.  In 
the  static  mode,  the  gage  signal  is  processed  through  a  signal  conditioner  unit  (SCU)  and 
the  output  is  fed  directly  into  the  A-to-D  converter  of  the  data  logger  to  obtain  a  single 
value  integrated  over  a  selected  time  base.  In  the  dynamic  mode,  the  "sinusoidal"  output 
signal  from  each  SCU  is  impressed  across  a  sin-cos  potentiometer  and  fed  into  a  force 
component  separator  (FCS)  which  resolves  the  signal  into  in-phase  and  quadrature 
components.  The  output  of  the  FCS  is  then  fed  into  the  A-to-D  converter  of  the  data 
logger  and  integrated  over  a  discrete  number  of  cycles  to  obtain  a  single  reading  for  each 
component  as  shown  in  Reference  17.  The  output  of  the  data  logger  is  serially  fed  to  the 
DEC  PDP  11/44  which  stores  the  data  on  disc  as  well  as  automatically  reducing  the  data  to 
nondimensional  form  on  a  run-by-run  basis.  The  mathematical  operation  performed  by  the 
data  acquisition  system  is  discussed  in  Section  10.0. 

9.0  TEST  PROGRAM 

The  majority  of  the  tests  were  conducted  in  the  HSMB  at  a  dynamic  pressure  of  34.8 
pounds  per  square  foot.  This  corresponds  to  a  Reynolds  number  of  1.2  *  1 0 6  based  upon  the 
mean  aerodynamic  chord  of  the  wing. 

The  longitudinal  tests  consisted  of  statics,  pure  heaving,  pure  pitching  and  combined 

pitching  tests  performed  with  respect  to  the  body  axes.  The  statics  covered  a  range  of 

angles  of  attack  of  from  0  to  68  degrees.  The  pure  heaving  tests  were  conducted  for  a  , 

amplitudes  of  ±4,  ±6,  and  ±8  degrees,  corresponding  reduced  frequencies  ■—  of  0.0635, 

0.0846,  0.1058,  and  0.1270,  and  a  range  of  angles  of  attack  of  from  0  to  56  degrees.  Both 
the  pure  pitching  and  combined  pitching  tests  were  conducted  for  ^  amplitudes  of  *4 , 

±6,  and  ±8  degrees,  corresponding  reduced  frequencies  jg  of  0.0846,  0.1058,  0.1270  and 
0.1480,  and  a  range  of  angles  of  attack  from  0  to  34  degrees. 

The  lateral  tests  consisted  of  statics,  pure  swaying,  pure  yawing  and  combined  yawing 

tests  performed  with  respect  to  the  stability  axes.  The  statics  covered  a  range  of  side¬ 
slip  angles  of  0,  t4,  and  t8  degrees  for  angles  of  attack  from  0  to  68  degrees.  The  pure 
swaying  tests  were  conducted  for  amplitudes  of  ±4,  *6,  and  *8  degrees,  corresponding 

reduced  frequencies  of  0.110,  0.147,  0.184,  0.220,  and  0.257,  and  an  angle  of  attack 
range  of  from  0  to  68  degrees.  The  pure  yawing  and  combined  yawing  tests  were  conducted 
for  amplitudes  of  1 4 ,  t6,  and  t8  degrees,  corresponding  reduced  ^frequencies  of 

0.110,  0.147,  0.184,  0.220,  and  0.257,  and  a  range  of  angles  of  attack  from  0  to 
68  degrees.  In  addition,  pure  swaying,  pure  yawing  and  combined  yawing  tests  were 
performed  with  respect  to  the  body  axes.  Amplitudes  of  8W  and  Ym  of  ±4,  t6 ,  and 

±8  degrees  were  used  for  reduced  frequencies  of  of  0.184  and  0.220.  The  angle  of 
attack  range  for  these  tests  was  0  to  32  degrees. 

A  series  of  flow  visualization  tests  were  conducted  at  Reynolds  numbers  from  about 
0.2  *  106  to  1.6  *  10 6.  During  these  tests  dye  was  ejected  from  selected  points  on  the 
wing  and  fuselage.  Orthogonal  views  of  the  dye  traces  of  the  wake  were  photographed  by 
NIKON  35mm  sequencing  cameras  and  VHS  video  cameras.  For  several  of  the  tests  an  upstream 
view  of  the  wake  was  photographed  using  a  Nikonos  underwater  camera.  The  underwater 
cameras  and  underwater  lights  were  attached  to  the  towing  carriage  and  towed  with  the 
model . 

A  short  series  of  pitchup  tests  were  conducted  which  simulated  the  maneuver  of  a 
typical  fighter  operating  at  26000  feet  of  altitude,  initial  speed  of  500  feet  per  second 
and  pitching  up  at  a  rate  of  30  degrees  per  second.  Time  histories  of  the  forces, 
moments,  linear  and  angular  displacements  and  forward  velocity  were  measured. 
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10.0  REDUCTION  OF  DYNAMIC  DATA 

The  mathematical  operations  that  the  LAHPMM  data  acquisition  system  performs 
automatically  is  illustrated  herein  for  the  pure  swaying  case,  shown  in  Figure  7,  as 
follows  s 

The  lateral  position  on  the  model  is  monitored  by  the  sway  feedback  potentiometer, 
and  is  represented  by  a  voltage  which  can  be  expressed  as: 

y  =  y^  sin  ut  [  1  ] 

A  y-force  gage  on  the  model  also  will  produce  an  oscillatory  signal  during  the  test,  which 
can  be  presented  by: 

Yr  s  Y*  +  Y0  sin  (  «t  -  <}>)  [2] 


Equation  [2]  can  be  written  as 

YR  =  Y*  +  [Yq  cos  $]  sin  u>t  +  I-Yq  sin  <>]  cos  wt  [3] 

or  YR  =  Y„  +  Yin  sin  ut  +  Y0UT  cos  at  [4] 


The  designations  "IN"  and  "OUT"  have  been  adopted  to  identify  force  terms  of  Equation  [4J 
which  are  oscillating  in-phase  and  out  of  phase  (quadrature)  with  the  motion  defined  by 
Equation  (1 1  * 

The  voltages  given  by  Equations  [1]  and  (4]  are  impressed  across  a  resolver 
consisting  of  individual  sine-cosine  potentiometers  which  are  ganged  together  and  which 
are  rotating  at  the  fundamental  frequency.  The  sine  wipers  of  the  resolver  are  aligned 
in-phase  with  the  sway  feedback  signal.  The  resulting  voltage  output  from  the  sin-cos  pot 
resolver  can  be  expressed  as: 


Sway  motion  signal: 

y  sin  =  1  lym 

y  cos  ut  =  [ym  sin 

Y-force  signal : 

Yr  sin  ut  =  ~  [Y*  sin  ut  +  yjn  sin^ 
Y R  cos  Ut  =  J  [Y*  cos  U)t  +  Yin  sin 


s  i  n  2  ut  ]  (  5  ] 

«t  cos  ut  1  [ 6  J 

ut  +  Yqut  cos  ut  sin  ut }  [7] 

ut  cos  ut  +  Yqut  cos2utJ  [8 1 


The  factor  ^  appears  because  the  sin-cos  pots  act  as  voltage  dividers. 


The  signals  represented  by  Equations  (5)  to  (8]  are  fed  into  the  HI-DASDL-12  data 
logger  shown  in  Figure  18.  The  DASDL  provides  an  A-to-D  converter  and  a  time  integration 
algorithm  which  is  started  and  stopped  by  a  pulse  from  an  LED  triggered  by  the  same 
function  generator  which  drives  the  sway  motion.  The  following  integrations  are 
performed : 


Sway  motion  signal:  in-phase: 

nT  nT 

/  ym  sin  *  dt  -  / 


\  y  s  i  n  7  ut  d  t  -  ^ 
2  ■'m  4 


(91 


Sway  motion  signal:  quadrature: 

nT  nT 

/  ym  cos  "t:  dt  “  f 

rr  n  •* 


1 

2  ym 


(10] 


Y  force  signal:  in-phase: 

nT  nr. 

j '  Yr  sin  ut  dt  *  j 


J 

nT 


Y*  sin  ut  dt 


2 

1  y 

2  1  IN 

1 


sin  ut  d  t 


MU 
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Y-force  signal  quadrature: 
nT 

(  Y  cos  dit  dt 

o*' 


nT  , 

-  J  2  Y*  cos  «dt  dt 
nT  1 

+  J  j  Yjn  sin  ut  cos  ut  dt 


+  J  \  yout  cos2  dt 

.  nT 

4  OUT 


M2] 


The  integrations  are  performed  both  as  indicated  (NORMAL  mode)  and  with  a  reversed 
polarity  to  the  sin-cos  potentiometers,  (REVERSE  mode).  This  process  effectively  cancels 
any  bias  voltage  which  might  exist  across  the  sin-cos  pots.  If  the  symbols  N  and  R  are 
used  to  designate  "normal"  and  "reverse",  and  if  the  calibration  constant  be  "K" 
volts/pound  (force)  or  volts/foot  (sway),  then  the  integration  results  can  be  written  as: 


Sway  motion  signal:  in-phase: 


SA  -  4  -  1  -  r N  -  ft] 

In  nT  KSA  1 2 J 


Sway  motion  signal:  quadrature: 


Y-force  signal:  in-phase: 


v  rN  -  Ri 

1  IN  nT  KY  1  2  J 


Y-force  signal:  quadrature: 

Y 


.  4  .1  fN  -  R. 

OUT  nT  *  KY  1  2  J 


(U) 


114} 


(15] 


(16) 


The  Tracor  Hydronautics  Force  Component  Separator  and  the  DASDL  are  designed  to  simplify 
the  data  reduction  process,  and  automatically  scale  the  output  by  the  factor  of  4/2nT  when 
used  in  DYNamic  IN/QUAD  mode.  Thus,  the  actual  output  displays  on  the  DASDL  represent: 


Sway  motion  signal:  in-phase: 


Sway  motion  signal:  quadrature: 


Y-force  signal:  in-phase: 


Y-force  signal:  quadrature: 


N  -  R 
KSA 


SAOUT 


0 


v  =  N  -  R 
IN  KY 


Y  -  N  ~  R 

OUT  KY 


M7) 

(18) 
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A  similar  analysis  can  be  made  for  all  the  dynamic  cases  shown  in  Figures  4  to  9.  The 
operation  performed  by  the  LAHPMM  data  acquisition  system  is  equivalent  to  determining  the 
Fourier  coefficients  of  the  fundamentals  of  the  motion  and  force  gage  signals. 


11.0  RESULTS  AND  DISCUSSION 

For  the  present  paper,  the  static  and  dynamic  results,  which  have  been  analyzed  to 
date-  are  presented  in  Figures  19  through  26  as  curves  of  the  various  parameters  plotted 
against  angle  of  attack.  Typical  results  for  the  pitchup  maneuver  and  the  flow  visualiza¬ 
tion  studies  are  presented  in  Figures  28  and  29,  respectively. 

11.1  Static  Longitudinal  Characteristics 

The  lift,  drag  and  pitching  moment  coefficients  are  plotted  against  angle  of  attack 
in  Figure  19.  The  results  are  compared  with  data  from  Reference  32  for  a  similar 
60-degree  delta-high-wing-fuselage  configuration.  As  shown  in  Figure  19  the  agreement  of 
the  results  with  data  from  Reference  32  is  very  good.  The  experimental  lift  curve  slope 
of  the  wing  through  zero  angle  of  attack  is  0.043  per  degree  compared  to  a  theoretical 
value  of  0.042  per  degree. 
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11.2  Pure  Heaving  Characteristics 

The  variation  of  the  derivatives  (CM  )  and  (C  )  with  angle  of  attack  for  several 

n  m 

aw  a  u) 

reduced  frequencies  is  presented  in  Figure  20.  The  results  are  compared  with  the  data 
from  the  static  tests.  As  shown  in  Figure  20,  the  dynamic  results  agree  quite  well  with 
the  static  data  at  low  angles  of  attack.  However,  at  angles  of  attack  above  stall,  both 
<CN  )  and  (Cm  )  exhibit  large  variations  with  angle  of  attack  and  reduced  frequency, 
a  (i)  aw 

The  variation  of  the  acceleration  derivatives  #  and  ^  with  angle  of  attack  for 

o  a 

several  reduced  frequencies  is  presented  in  Figure  21.  As  shown  in  Figure  21,  the 
magnitude  of  the  derivatives  undergoes  very  large  changes  at  high  angles  of  attack.  Also, 
at  the  high  angles  of  attack  the  changes  in  magnitude  of  the  derivatives  are  dependent 
strongly  upon  the  reduced  frequency. 

11.3  Pitching  Characteristics 

The  variation  of  the  derivatives  CkT  and  C  with  angle  of  attack  for  several  reduced 

N  m  * 

q  q 

frequencies,  obtained  from  pure  pitching  tests,  is  presented  in  Figure  22.  The  results 
are  compared  with  data  from  curved  flow  tests  for  a  similar  delta  wing  model  presented  in 
Reference  34.  As  can  be  seen  from  Figure  22,  the  agreement  is  quite  poor  except  at  zero 

angle  of  attack.  In  addition,  the  measured  values  of  C  -  C  ,  determined  from  combined 

m  m  • 

q  a 

pitching  tests  are  presented  in  Figure  22.  It  can  be  seen  that  the  measured  values  of 

C  -  C  are  equal  to  the  algebraic  sum  of  C  and  C  presented  in  Figure  21  for  angles 
mm*  J  mm*  ^ 

q  a  q  a 

of  attack  up  to  34  degrees. 

11.4  Static  Lateral  Characteristics 

The  variation  of  (Cy  )  ,  {C  )  ,  and  (C  )  with  angle  of  attack  is  presented  in 
8  s  0  s  as 

Figure  23.  These  derivatives  were  determined  by  taking  the  slopes  of  the  coefficients 
over  a  range  of  8  =  ‘8  degrees.  These  derivatives  were  determined  with  respect  to  the 
stability  axes.  Therefore,  it  was  necessary  to  transfer  the  yawing  and  rolling  moments  to 
the  stability  axes  since  they  were  measured  with  respect  to  the  body  axes.  The  results 
are  compared  with  NACA  data  from  Reference  32  obtained  for  high-wing  fuselage  configura¬ 
tions  having  similar  diameter-span  ratios.  As  can  be  seen  from  Figure  23  the  comparison 
is  quite  good  for  angles  of  attack  up  to  36  degrees.  Beyond  stall,  all  the  derivatives 
have  large  excursions  with  angles  of  attack. 

11.5  Pure  Swaying  Characteristics 

The  variation  ^f  (C  )  ,  (C  )  ,  (C  )  ,  C  ,  C  ,  and  C.  with  angle  of  attack  is 
6  w  S  w  2  w  8  n  8  *8 

presented  in  Figure  24  for  a  reduced  frequency  =  0.184.  Results  were  obtained  at  other 

reduced  frequencies  but  are  not  presented  at  this  time.  The  results  presented  in  Figure 
24  are  compared  with  data  obtained  from  pure  swaying  tests  performed,  at  a  reduced 

frequency  —  =  0.218,  in  the  NACA  Langley  Stability  Tunnel  using  a  mid-wing,  delta-wing 
2U 

fuseltiae  model.50  In  general  the  comparison  is  good. 

11.6  Yawing  Characteristics 

The  variations  of  the  pure  yawing  derivatives,  Cy  ,  Cp  ,  and  cf  with  angle  of  attack 

r  nr  r 

is  presented  in  Figure  25  for  a  reduced  frequency  ^  =  0.184.  These  derivatives  were 

obtained  with  respect  to  the  stability  axes.  Therefore,  it  was  necessary  to  transfer  the 
yawing  and  rolling  moments,  measured  with  respect  to  the  body  axes,  to  the  stability 
axes.  The  results  in  Figure  25  are  compared  with  data  from  curved  flow  tests  and  pure 

yawing  tests  performed  in  the  NACA  Langley  Stability  Tunnel  at  =  0,16  using  a  mid-wing, 

delta-wing  fuselage  model.33  4U  In  general,  the  results  are  in  good  agreement  with  the 
NACA  pure  yawing  data  but  the  trends  and  magnitude  of  the  data  are  in  poor  agreement  with 
the  curved  flow  results.  This  indicates  that  substantial  difference  probably  occur  in  the 
basic  aerodynamic  flow  phenomena  acting  on  the  model  under  oscillatory  conditions. 

The  acceleration  derivatives  C  ,  Cn # ,  and  C  were  also  determined  from  the  pure 

r  r  r 

yawing  tests.  In  addition,  all  the  derivatives  were  determined  for  a  range  of  reduced 
frequencies.  However,  these  results  are  not  presented  at  the  present  time. 

A  limited  series  of  pure  swaying,  pure  yawing  and  combined  yawing  tests  were 
performed  with  respect  to  the  body  axes  for  ~  =  0.184,  and  0.220  and  angles  of  attack  up 

to  32  degrees.  The  results  of  these  tests  are  presented  in  Figure  26.  The  curved  flow 
results  from  Reference  33  for  a  similar  delta-wing  model  are  presented  for  comparison. 

The  results  presented  in  Figure  26  show  clearly  that  the  algebraic  summation  of  the  pure 
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swaying  and  pure  yawing  derivatives  give  results  which  are,  in  general,  in  good  agreement 
with  the  results  obtained  form  combined  yawing  tests.  The  following  comparison  made  at 
a  =  32  degrees  illustrates  this  point. _ _ 


( 1 ) 

Pure  Swaying 

s 

% 

-0.25 

0.16 

-0.50 

(2) 

Pure  Yawing 

C 

nr 

c  i 

r 

-0.75 

-0.14 

0.18 

(3) 

Combined  Yawing 

Cy  -  Sf. 
r  6 

c  -  c 

n  n  * 

r  B 

C8  -  C  „ 
r  B 

-0.35 

-0.28 

0.70 

(4) 

I tern  (2)  -  Item  ( 1 ) 

-0.50 

. 

-0.30 

0.68 

The  LAHPMM  system  supports  can  be  modified  easily  so  that  tests  can  be  performed  with 
respect  to  the  body  axis  up  to  angles  of  attack  of  45  degrees.  In  addition,  the  future 
implementation  of  the  forced  rolling  system  would  provide  the  rolling  derivatives  needed 
to  transfer  the  dynamic  data  from  the  stability  axes  system  to  the  body  axes  system. 


12.0  SIMULATED  PITCHUP  TESTS 

The  LAHPMM  and  HSMB  carriage  control  systems  were  programmed  to  simulate  an  aircraft 
pitchup  maneuver.  The  full-scale  and  model  conditions  of  the  maneuver  for  a  typical 
fighter  aircraft  operating  at  26000  feet  altitude  is  shown  in  Figure  27.  Also,  Figure  27 
presents  the  typical  variation  with  time  of  the  forward  velocity,  angle  of  attack  and 
heaving  velocity  simulated  in  the  test.  During  these  tests,  the  carriage  velocity,  heave 
displacement,  pitch  angle  displacement,  and  the  forces  and  moments  acting  on  the  model 
were  recorded  by  the  DEC  PDP  11/44  A  to  D  as  a  function  of  time.  The  length  of  a  typical 
run  was  about  18  seconds.  This  is  equivalent  to  about  a  1.8  seconds  full-scale  maneuver. 
The  results  of  a  typical  test  are  presented  in  Figure  28.  The  Cy,  Cn,  and  C £ 
coefficients  all  exhibit  a  spike  at  about  t  =  10  seconds.  This  point  corresponds  to  an 
angle  of  attack  of  about  28  degrees.  At  t  =  18  seconds,  corresponding  to  the  end  of  the 
maneuver,  the  Cy,  Cn,  and  C£  coefficients  all  exhibit  large  excursions  in  magnitude. 

In  fact  the  rolling  moment  coefficient  C£  exhibits  an  oscillation  which  might  be  related 
to  wing  rock. 


13.0  FLOW  VISUALIZATION  TESTS 

An  extensive  series  of  flow  visualization  tests  were  performed  over  a  range  ~»f  model 
speeds  from  1.0  to  8.0  feet  per  second,  corresponding  to  Reynolds  number  based  on  the  MAC 

of  the  wing  of  0.2  *  10 6  to  1.6  *  10  6,  respectively.  The  dye  ports  were  connected  via 

tygon  tubing  to  a  pressurized  supply  tank  containing  the  dye.  Control  manifolds  and 
solenoid-operated  valves  were  used  to  release  various  combinations  of  continuous  dye 
traces  from  the  model.  The  dye  wakes  were  photographed  using  three  35mm  Nikon  cameras  and 
two  JVC  VHS  video  cameras.  All  the  cameras  were  encased  in  watertight  boxes  fitted  with 
spherical  lenses  to  correct  for  the  difference  in  index  of  refraction  between  air  and 

water.  The  camera  supports  and  underwater  lights  were  mounted  on  th«  HSMB  cattiage  and 

were  towed  with  the  model.  Two  of  the  35mm  cameras  and  two  VHS  cameras  provided 
orthogonal  views  of  the  dye  traces  from  the  model  along  the  y-  and  z-axes  of  the  HSMB.  In 
addition,  a  third  35mm  camera  provided  a  view  of  the  wake  along  the  x-axis  of  the  HSMB. 

It  is  impossible  within  the  scope  of  the  present  paper  to  present  all  the  data  acquired 
during  these  tests.  A  typical  example  presented  in  Figure  29  shows  three  views  of  the 
flow  around  the  fuselage  nose  and  the  interaction  with  the  wing  vortex  system. 


14.0  CONCLUSIONS 

Based  on  a  comprehensive  series  of  experiments  conducted  in  the  Tracor  Hydronautics 
Ship  Model  Basin  (HSMB*)  to  determine  the  subsonic  static  and  dynamic  stability  character¬ 
istics  of  a  3.5-foot  span,  60-degree  delta-high-wing  fuselage  model  operating  at  high 
Reynolds  number  and  angles  of  attack  up  to  68  degrees,  the  following  conclusions  can  be 
drawn : 

1.  The  results  of  the  investigation  have  demonstrated  that  the  HSMB  in  conjunction 
with  the  Large  Amplitude  Horizontal  Planar  Motion  Mechanism  System  (LAHPMM)  can  determine 
experimentally  all  the  individual  subsonic  longitudinal  and  lateral  static  and  dynamic 
stability  derivatives,  required  by  the  equations  of  motion,  for  angles  of  attack  up  to 
68-degrees . 

2.  Comparison  of  the  static  and  dynamic  results  of  the  present  study  with  data 
obtained  during  the  1950’s  in  the  NACA  Langley  Stability  Tunnel  for  a  similar  wing-fuse¬ 
lage  configuration  is,  in  general,  quite  good. 

3.  For  angles  of  attack  up  to  32  degrees,  the  algebraic  summation  of  the  component 
longitudinal  and  lateral  dynamic  derivatives  give  results  which  are  in  good  agreement  with 
derivatives  obtained  from  combined  oscillations. 
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4.  The  HSMB  in  combination  with  underwater  still  and  video  cameras  can  be  used 
effectively  for  performance  of  flow  visualization  studies. 

5.  The  HSMB  and  LAHPMM  can  be  programmed  to  perform  simulated  pitchup  tests.  The 
results  of  such  tests  in  combination  with  dyed  wakes  can  be  used  to  analyze  the  dynamics 
of  such  phenomena  as  wing  rock  at  high  angles  of  attack. 
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a.  SPECIFICATIONS 


FIGURE  2  -  DESCRIPTION  OF  HSMB 


C.  HSMB  CARRIAGE  I.'?  1 

FIGURE  2  -  CONCLUDED 


FIGURE  9  -  PURE  YAKING  MODE  TEST  CONDITIONS  WITH  AN  ANGLE  OF  SIDESLIP 
8  -  0  DEGREES 


FIGURE  10  -  HSMB  LARGE  AMPLITUDE  HORIZONTAL  PLANAR  MOTION  MECHANISM 
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FIGURE  11  -  60  DEGREE  DELTA-WING  FUSELAGE  MODEL 
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FIGURE  13  -  LAHPMM 
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STRUT  AND  MODEL  ARRANGEMENT  FOR 
AND  DYNAMIC  LATERAL  TESTS 


a.  LONGITUDINAL  TESTS 
FIGURE  14  -  LAHPMM  WITH  MODEL  ATTACHED 


b.  LATERAL  TESTS 
FIGURE  14  -  CONCLUDED 


FIGURE  15  -  ARRANGEMENT  OF  SIX-COMPONENT  INTERNAL  BALANCE 


FIGURE  29  -  TYPICAL  FLOW  VISUALIZATION  RESULTS 


TABLE  1 

comparison  of  maximum  loads 

FOR  60-DECREF.  DELTA-WIND  MODEL 


Value  of 

Coef f icienc s 

Lang  1  <>y 

Full-Scale  Tunnel 

HSMB 

b,  ft 

3.3 

3 .  5 

U,  fps 

58 . 0 

8.5 

RN 

0.7b  x  10‘ 

1.72  x  10 

q.  psf 

“■0 

72.2  5 

qS .  lbs 

382 .QJ 

qSb,  lb- ft  - 

1  340.24 

qSc.  lb- f  t 

42.8 

773-51 

34 

34 

<T.  '  >'25 

26.5 

478.6  lb 

S  *  °'8 

17.0 

306.1  lb 

C  =  -0.2 
m 

8.5 

-154  7  lb 

Assume  .  =  0.17b  radians 

Cy  =  -0.2 

0  .  74 

-13.4  lb 

C, 


TABLE  2 


MODEL  CHARACTERISTICS 


WING: 

Aspect  Ratio 

2.31 

Taper  Radio 

0 

Leading-Edge  Sweep  Angle,  Deg 

60 

Dihedral  Angle,  Deg 

0 

Twist,  Deg 

0 

Airfoil  Section 

Flat  Plate 

Span,  inches  (ft) 

42.0  (3.5) 

MAC,  inches  (ft) 

24.25  (2.02) 

Root  Chord,  inches  (ft) 

36.37  (3.03) 

Section  Thickness,  inches  (Z) 

0.75  (3.1) 

Area,  Sq  in.  (sq  ft) 

763.77  (5.30) 

FUSELAGE : 

Length,  inches  (ft) 

66.90  (5.575) 

Max  Diameter,  inches  (ft) 

5.5  (0.458) 

Fineness  Ratio 

12.16 

Diameter-Span  Ratio 

0.131 

Ogive  Nose  (L/D) 

3.0 

Note:  Fuselage  is  identical  to  generic 

model  used  at 

NASA-Langley 

TABLE  3 

FUSELAGE  NOSE  OFFSETS 


X 

O 

Inches 

Inches 

0 

0 

0.825 

0.275 

1  .650 

0.523 

2.475 

0.  7  70 

3.300 

0.990 

4.950 

1  .403 

6.600 

1  .  760 

8..’i0 

2.335 

9.900 

2.310 

13.200 

2.640 

TABLE  4 

SIX- COMPONENT  BALANCE  CHARACTERISTICS 


Ba  1  an  ci* 

Overall 

Dimens  ions 

lies i  '.r.  Load 9 

1HI  816 

1.75- inch  di a 
by  8. 75- inch  long 

►n 

ro 

F, 

M..  1 

’  1 

--'l 

)00 

no 

300 

NASA  716 

1 . 7 5 - i nch  di a 
by  8. 75- inch  long 

500 

1  00 

M0 

Design  Loads  in  lbs  and  lb- in. 

16.500 


2.750 
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SUMMARY 


Experiments  were  performed  in  a  flow  visualization  water  tunnel  on  a  generic  fighter  model  to  explore 
vortex  manipulation  as  an  effective  means  of  aircraft  control  by  altering  the  natural  state  of  the 
forebody  and  LEX  vortices  in  the  medium-to-high-angl e  of  attack  range  with  either  small  surface 
modifiers  or  blowing  jets.  Specifically,  the  foreboby  vortex  system  was  examined  with  the  clean  forebody, 
with  forebody  strakes,  and  with  forebody  surface  blowing.  LEX  vortices  were  examined  with  a  clean  LEX. 
with  small  geometric  modifications  near  the  apex,  and  with  surface  blowing,  both  in  upstream  and 
downstream  directions  at  various  locations  on  the  LEX  surface.  The  interactive  effects  of  forebody  and 
LEX/wing  vortices  and  their  response  to  the  various  methods  of  control  were  also  examined. 

Generally,  it  was  concluded  that  the  forebody  vortices  can  be  effectively  controlled  by  either  blowing  or 
using  strakes,  but  the  effectiveness  is  very  dependent  on  proper  radial  placement  of  the  blowing  port  or 
strake.  Geometric  modifications  and  blowing  at  the  LEX  apex  were  not  particularly  effective  in  altering 
the  trajectory  of  the  LEX  vortices  or  the  burst  points.  Blowing  aft  of  the  mid-chord  of  the  LEX  was  much 
more  effective  and  could  force  the  burst  points  to  move  forward  significantly.  Interactions  between  the 
forebody  and  LEX  vortex  systems  were  pronounced. 


SYMBOLS 
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Tube 
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1/d 
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at 
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cross  sectional  area  of  model  fuselage.  1.226  in2 

cross  sectional  area  of  blowing  tube  opening,  1.416x10  in 

LEX  span  (See  Fig.  6) 

wing  span  (See  Fig.  5) 

blowing  coeff icient .  mVj/qfi.Q 

LEX  length  (See  Fig.  6) 

LEX  No.  I.  typical  (See  Fig.  6) 

fineness  ratio  of  forebody 

mass  flow  rate  for  blowing 

free-stream  dynamic  pressure 

(bL/2)/(bw/2) 

l/(bL/2) 

jet  velocity 

wing  with  50°  sweep,  typical 

angle  of  attack 

wing  sweep  angle  (See  Fig,  5) 

radial  angle  on  forebody  (See  Figs.  10,11) 


1.  INTRODUCTION 

Future  air  combat  arenas  will  dictate  requirements  for  fighter  aircraft  performance  that  will  exceed  the 
capabilities  of  present-day  aircraft.  One  of  the  key  technologies  to  advance  the  overall  capability  of 
the  airplane  is  aerodynamic  control.  The  flight  envelope  of  current  aircraft  has  been  limited  at  least  in 
part  by  controllability  problems  at  high  angles  of  attack,  typically  represented  by  sudden  departures  in 
roll  and  yaw  and.  in  some  cases,  by  pitchup  or  deep  stall.  Reduced  controllability  places  undesirable 
limits  on  the  maneuverability  of  the  aircraft  but.  even  worse,  often  leads  to  unrecoverabl e  flight  modes 
such  as  spins. 


Several  aerodynamic  phenomena  are  know  to  contribute  to  the  problem  of  uncontrolled  flight. 

2)  Asymmetric  vortex  flows  on  the  foreboay.  even  at  zero  sideslip,  produce  large  side  forces  witn 
resulting  yawing  moments  large  enough  to  depart  the  aircraft  in  yaw.  An  example1  of  asymmetric 
forebody  vortices  is  shown  in  Figure  1  which  is  a  photograph  from  a  water  tunnel  test  of  a  fighter 
airplane  at  high  angles  of  attack. 

2)  Asymmetric  vortex  burst  ooints  in  the  vicinity  of  the  LEX  and  wing  causing  asymmetric  lift  lead  to 
roll  departure.  An  example^  is  shown  in  Figure  2  with  a  generic  and  a  real  airplane  model  in  tne 
water  tunnel  atQ  ^0. 

3)  Increased  lift  on  the  forebody  and  LEX  results  in  a  pitch-up  or  deep-stall  condition  that  cannot  be 
overcome  with  conventional  horizontal  tail  control  surfaces. 

Alternate  methods  of  controlling  the  flow  field  on  a  high-performance  airplane  that  are  effective  at 
angles  of  attack  beyond  the  range  for  effective  conventional  control  surfaces  need  to  be  investigated. 
Such  schemes  as  thrust  vectoring  and  thrust  turning  vanes  are  currently  being  evaluated,  but  it  is  also 
possible,  and  perhaps  more  economical,  to  utilize  novel  aerodynamic  controls.  The  typical  flow  field 
around  a  modern  fighter  aircraft  is  dominated  by  vortices.  It  is  the  existence  of  these  complex  vortex 
flows  that  eventually  contributes  to  degraded  control  capability  as  the  angle  of  attack  is  increased.  It 
is  reasonable  to  assume  that  if  there  were  means  to  locally  control  these  vortex  flows  on  the  airplane, 
one  might  be  able  to  utilize  this  powerful  force  input  to  enhance  the  overall  airplane  controllability. 

Several  studies  have  been  done  to  investigate  non-conventional  methods  of  aerodynamic  control  .  The  use  of 
forebody  strakes  has  been  shown^’S  to  be  an  effective  method  of  forcing  natural ly-occuri ng  asymmetric 
forebody  vortices  at  high  angles  of  attack  to  be  symmetric  and  therefore  eliminate  large  yawing  moments  at 
zero  sideslip.  Use  of  deflectable  forebody  strakes  that  can  be  deployed  asymmetrically  has  also  been 
investigated^.  Investigations  of  forebody  blowing  techniques  to  control  the  forebody  vortex  orientation 
have  also  been  conducted  in  both  water  and  wind  tunnel  experiments^-^  where  asymmetric  forebody  vortices 
were  switched  in  orientation  by  blowing  under  the  high  vortex.  Forebody  vortex  control  becomes  effective 
in  the  angle  of  attack  range  where  rudder  control  decreases.  Several  studies  have  assessed  the  utility  of 
moveable  wing  strake*  (LEX)  for  roll  and  pitch  control  including  strakes  hinged  at  the  root**  and  apex 
fences  and  flaps  on  delta  wings^-15 

The  purpose  of  this  study  was  to  explore  methods  of  vortex  manipulation  requiring  minimum  physical  input 
but  resulting  in  maximum  change  to  the  vortex  flow  field  to  produce  effective  airplane  control.  The  basic 
notion  was  to  use  the  principal  of  "fluid  amplification",  or  to  achieve  a  large  incremental  change  in  the 
basic  vortex  structure  around  the  airplane  for  minimal  disturbance  at  the  source  of  the  vortices.  Tne 
objective  was  to  search  for  small  deployable  devices  located  close  to  the  origins  of  the  foreDody  or  lEX 

vortices.  These  devices  could  be  either  mechanical  or  pneumatic.  The  mechanical  devices  might  be  smai: 

flaps,  fences  or  strakes  that  could  be  hinged  or  popped  out  o*  the  surface.  Pneumatic  devices  could  be 
small  blowing  ports  or  nozzles.  Both  are  intrinsically  low-energy  devices,  i.e.,  low  hinge  moments  or  ’ow 
jet  momentum.  The  first  step  was  to  visually  assess  the  results  of  various  schemes  to  deliberately  alter 

the  natural  state  of  the  vortices  in  the  flow  field  of  a  typical  fighter  configuration.  This  was 

accomplished  by  performing  water  tunnel  flow  visualization  experiments  on  a  generic  fighter  mode1 
consisting  of  a  cylindrical  fuselage,  tangent  ogive  forebody,  clipped  delta  wings  with  different  sweep 
angles  and  several  wing  LEX's.  The  approach  was  to  document  with  photographs  and  video  recordings,  the 
behavior  of  the  various  vortices  in  response  to  as  many  "flow  modifiers"  as  possible.  Flow  modifications 
were  produced  with  strakes  and  blowing  on  the  forebody  and  with  blowing  at  various  locations  on  the  LEX. 
Geometry  modifiers  were  applied  only  at  the  apex  on  the  LEX.  Several  different  configurations  were  also 

examined  to  assess  the  effects  on  the  flow  field  of  wing  sweep  angle.  LEX  size  and  longitudinal  location 

of  the  LEX/wing  with  respect  to  the  forebody. 

2.  TEST  FACILITY  AND  CONDITIONS 

The  experiments  were  conducted  in  the  NASA-Ames  D-yden  Flight  Research  Facility  Flow  Visualization  Wa’er 
Tunnel  (Fig.  3).  The  tunnel  is  a  continuous  flow  tunnel  with  a  vertical  test  section  72  in.  high  and  a 

cross  section  of  24  in.  by  16  in.  The  test  section  is  constructed  with  plexiglass  on  all  four  walls  for 

ease  in  viewing  the  model.  Although  the  flow  speed  is  variable,  the  entire  test  was  conducted  at  .25 
ft/sec  since  this  speed  provides  the  optimum  visualization  conditions.  The  corresponding  unit  Reynolds 
number  is  3  x  104  per  ft.  The  model  was  mounted  on  a  bent  sting  so  that  the  angle  of  attack  could  be 
continuously  varied  from  0  to  60°  .  Provisions  for  sideslip  angles  were  available,  but  there  was 
insufficient  time  to  investigate  sideslip  effects  in  this  initial  test  in  preference  to  looking  at  more 
critical  parameters. 


3.  MODEL 

The  generic  model  was  designed  to  be  a  simple  representation  of  the  various  fighter  configurations  now 
flying  in  this  country  and  to  be  inexpensive  to  build.  Figure  4  shows  a  photograph  of  the  basic  models. 
A  cylindrical  plastic  body  with  an  1/d  =  3.5  tangent  ogive  nose  represents  the  fuselage.  Wing  planforms 
were  clipped  deltas  with  sweep  angles  of  30°,  40°.  50°  .  and  60°.  Figure  5  shows  a  line  drawing  of  the 
basic  model.  The  wings  were  constructed  from  1/16  in.  thick  sheet  aluminum  and  were  mounted  witf  the 
bevel  on  the  upper  surface.  The  Webody  section  was  a  single  piece  4.5  !n.  in  length.  The  aft  body 
section  was  split,  and  the  wings  wt  e  sandwiched  between  the  two  halves.  The  wing  apex  was  removed  as 
shown  to  allow  the  wing  to  be  moved  'loser  to  the  forebody  piece.  Up  to  four  different  sized  LEX's 
(strakes)  were  available  for  each  wing,  depending  on  the  sweep  angle.  The  choice  of  a  LEX  planform  shape 
for  these  tests  was  driven  by  a  desire  to  generate  a  strong  LEX  vortex  that  would  have  a  burst  point  as 
far  aft  as  possible  for  a  given  angle  of  attack  and  whose  burs.,  point  would  be  delayed  as  long  as  possible 
in  moving  forward  with  increasing  angle  of  attack.  Frirk  and  Lamarl6-17  performed  an  extensive 
theoretical  study  of  LEX's  (wing  strakes)  and  conducted  water  tunnel  experiments  to  document  vortex  burst 
characteristics.  Based  on  their  results,  the  strake  identified  in  Ref.  16  as  AD-17  was  chosen  as  the 
basic  LEX  planform  for  the  water  tunnel  model  in  this  test.  The  base  LEX  geometry  is  specified  in  Refs. 


16  and  17.  Referring  to  Fig.  6.  the  dimensions  were  derived  from 


«b=(bL/2)/(V2?  =  -212  and  «s=J/(bC/2)=7' 77' 

Using  the  specified  span  and  slenderness  ratios  above,  the  base  LEX  is  very  large.  Sub-scaled  versions 
were  designed  and  built  for  investigating  various  LEX  sizes.  The  scaled  conf igurat ions  are  0.86,  0.60, 

and  0.50  of  the  base  LEX.  The  table  in  Figure  6  shows  the  length  and  exposed  half-span  of  each  LEX  and 
the  ratio  of  exposed  LEX  area  to  wing  reference  area  for  each  LEX/wing  combination.  The  slenderness 
ratio,  Rc,  is  a  constant  7.77  for  all  LEX's.  The  coordinates  of  the  four  LEX  *  s  are  shown  in  Figure  7. 
Figure  6  shows  the  LEX  configurations  actually  tested.  The  No.  1  LEX  (0.5-scale)  was  tested  with  wing^ 
sweeps  of  40°.  50 f  and  60°.  The  No.  2  and  No.  3  LEX's  (0.6  and  0.85-scale)  were  tested  only  with  the  50 
swept  wing.  The  No.  4  LEX  was  not  tested  due  to  time  constraints.  The  LEX's  were  constructed  from  1/16 
in.  thick  sheet  aluminum  and  had  a  single-beveled  20°  edge  with  the  bevel  on  the  upper  side. 

The  positions  of  the  LEX/wing  combinations  could  be  varied  longitudinally  in  order  to  emulate 
conf igurations  with  either  very  long  forebodies  or  with  short  coupling  between  the  forebody  and  the 


LEX/wing.  The  location  limits  were  dictated  by  not  allowing  the  wing  trailing  edge  to  be  further  aft  than 
the  body  base  and  the  LEX/body  junction  could  not  be  forward  of  the  nose/body  tangent  point. 

Several  candidates  for  LEX  "modifiers"  were  tried  to  either  enhance  or  spoil  the  vortex  flow.  These  are 
shown  in  Figure  8,  The  premise  for  these  modifiers  was  that  modifying  the  flow  near  the  lEX  apex  would  be 
the  most  effective  way  of  causing  a  change  in  flow  over  the  entire  LEX.  Based  on  the  experimental  results 
discussed  later,  this  may  not  be  true. 

Blowing  on  the  LEX  was  achieved  by  simply  placing  a  stainless  steel  tube  on  the  upper  surface  of  the  model 
w;th  the  tube  end  located  as  desired.  The  various  locations  tried  are  sketched  in  Figure  9. 

Provisions  were  also  made  for  blowing  on  the  forebody.  Blowing  ports  on  the  forebody  were  provided  at  the 
locations  shown  in  Figure  10.  Past  experiments  have  shown  that  the  most  effective  radial  position  for 
blowing  to  affect  the  forebody  vortices  at  zero  sideslip  angle  is  0=135°  to  150°  from  the  windward 
stagnation  line.  The  model  was  constructed  so  that  each  of  these  ports  could  be  used  independently.  The 
blowing  exit  is  perpendicular  to  the  surface.  Ports  that  were  actually  utilized  will  be  discussed  later. 
The  dye  ports  on  the  forebody  are  also  shown  in  Figure  10. 

Blowing  rate  for  the  forebody  was  established  based  on  the  experience  from  past  experiments.  A  blowing 
rate  was  calibrated  to  correspond  to  a  maximum  blowing  coefficient.  Cu.  of  1.5  based  on  the  body  cross 
sectional  area  of  .00852  ft?  where 

=  mVj/aAg 

The  quantity  mVj.  where 

VA/eA  Tube 

was  measured  directly  in  the  test  setup  through  all  the  tunnel  and  model  plumbing.  This  was  accomplished 
by  measuring  the  volume  rate  of  water  displaced  from  the  pressurized  cannister  supplying  the  blowing  water 
for  several  different  pressures.  It  was  impossible  to  separately  regulate  the  pressure  for  the  blowing 
tubes  from  the  dye  lines  with  the  test  setup  in  the  Dryden  water  tunnel  facility,  since  the  supply 
cannisters  for  both  were  pressurized  by  a  single  pressure  source  through  a  common  manifold.  The  volume 
control  on  each  of  the  dye  lines,  as  well  as  the  blowing  lines,  was  regulated  on  the  downstream  side  of 

the  pressure  cannister  by  a  flow  rate  valve.  Calibrating  the  blowing  rate  as  a  function  of  the  valve 

position  was  nearly  impossible.  The  approach  taken  was  to  set  the  pressure  for  the  whole  system  based  on 
the  pressure  needed  to  provide  the  maximum  C^with  the  control  valve  all  the  way  open.  Lower  flow  rates 
were  obtained  by  opening  the  blowing  valve  for  an  estimated  percentage  of  the  maximum  flow  rate.  For 
experiments  where  blowing  rates  were  varied,  the  reference  to  blowing  rates  is  light,  medium  and  heavy, 
where  heavy  corresponds  to  the  maximum.  For  these  initial  experiments,  precise  measurements  of  the 
blowing  rate  were  not  felt  to  be  worth  the  time  and  effort.  The  LEX  blowing  was  from  the  same  size  tube 

opening  of  .020  in.  as  the  forebody,  so  blowing  rates  are  nearly  identical  to  those  used  on  the  forebody. 

i.e.,  the  maximum  C^»  is  approximately  1.5. 

Forebody  strakes  were  also  investigated  and  are  shown  in  Figure  11.  Examples  of  water  tvnnel  photographs 
obtained  f.  )m  this  test  are  shown  in  Fig.  12a  and  a  basic  definition  of  the  f’ow  phenomena  of  interest  to 
this  study  is  illustrated  in  Fig.  12b. 


4.  DATA  ACQUISITION 


Data  consists  of  35  mm  photographs  of  the  model  in  both  planform  and  side  views.  Although  they  were  not 
taken  simultaneously,  in  most  cases  they  were  taken  only  a  few  seconds  or  minutes  apart  with  two  different 
cameras.  In  a  few  cases,  the  two  views  were  taken  at  much  different  times,  but  this  was  not  observed  to 
be  a  problem  since  the  flow  at  most  attitudes  is  reasonably  repeatable,  video  tapes  were  also  made  with 
emphasis  on  planform  views  to  show  the  dynamics  of  the  observed  flow  phenomena. 


Typically  the  angle  of  attack  was  varied  as  follows: 

oC=  0.  3°,  6°.  9°.  12°,  15°.  18°.  21°,  25°.  30°.  35°.  40°.  45°.  50°.  55°,  60° 

Some  results  were  obtainedQat  only  a  few  angles  of  attack  such  as  forebody  blowing,  the  interest  for  which 
is  primarily  at«<above  35  and  LEX  blowing  which  is  only  of  interest  at  < be  low  35C. 


5.  RESULTS 


It  is  obvious  that  there  are  many  combinations  of  model  geometries  and  flow  modifiers  that  could  be 
tested.  The  priority  for  selecting  the  configurations  tnat  were  eventually  studied  was  to  emphasize  first 
the  primary  purpose  of  searching  for  effective  means  of  vortex  control  on  a  "basic"  configuration  and 
secondly,  to  explore  the  effects  of  configuration  changes  such  as  sweep  angle,  LEX  size  and  LEX/wing 
location.  The  basic  model  was  chosen  to  be  the  configuration  with  a  50°  swept  wing,  the  smallest  lEX  (LEX 
No.  1)  and  with  the  LEX/wing  in  the  most  forward  longitudinal  position.  In  addition  to  the  primary 
investigations  of  vortex  control  schemes,  the  sensitivity  of  the  flow  field  to  configuration  differences 
were  explored  by  testing  the  basic  LEX/wing  in  the  most  aft  longitudinal  position,  the  50°  wing  with  the 
next  two  larger  LEX's  (LEX  No.  2  and  No.  3)  in  the  forward  position  and  the  smallest  LEX  w’th  the  40°  and 
60°  swept  wings  in  the  forward  position.  The  emphasis  in  this  paper  will  be  on  the  results  of  vortex 
control  schemes  for  the  basic  model.  Results  on  configuration  effects  can  be  found  in  Ref.  18. 

Analysis  of  results  has  concentrated  on  evaluating  the  potential  of  various  techniques  as  flow  contno' 
devices  and  not  so  much  on  making  detailed  measurements  of  vortex  positions  and  exact  burst  locations 
relative  to  the  model  surface. 

The  results  will  be  briefly  described  and  will  cover  the  following: 

1)  Flow  on  the  "Basic  Model" 

2)  LEX  Modifier  Effects 

3)  LEX  Blowing  Effects 

4)  Interactive  Effects  of  Forebody  Strakes/Forebody  Blowing/LEx  Blowing 


5.1  Basic  Model 

Figure  13  shows  both  planform  and  side  views  of  the  flow  on  the  basic  mode'  ato<=L5c.  25°.  55'.  4.,'.  4- 
and  50°.  Vortices  originating  on  the  forebody.  LEX  and  wing  are  c'ear’v  shown.  Vortex  tra ’ecto*  'es  a^o 
burst  points  are  strongly  dependent  on  angle  of  attack.  At  0^-15°  .  the  vortex  trajectories  arc  D-rst 
ooints  are  nearly  symmetric.  The  l EX  vortices  are  further  above  the  wing  ana  Durst  further  forwara.  ’i-e, 
do  not  appear  to  interact  as  directly  witn  the  wing  vortices  as  they  do  at  lower  angles  of  attach  ApOv* 
<*=35°, the  LEX  vortices  are  asymmetric  with  the  right  forebody  vortex  higner  above  the  body  tran  t»-e  et» 
one . 

in  general,  on  all  the  configurations  it  was  observed  that  the  lEx  burst  pomt  's  further  aft  on  the  sa*-e 
side  as  the  high  forebody  vortex  as  compared  to  the  lEx  vortex  on  t*e  side  with  the  low  forebody  ve*' fe¬ 
lt  was  found  in  some  of  the  blowing  experiments  discussed  later,  that  if  one  changed  the  forebody  vorte. 
asymmetry  by  blowing,  the  burst  points  for  the  LEX  vortices  would  change  as  well.  It  appears  that  reduced 
vorticity  in  a  forebody  vortex  results  in  an  increase  in  vorticity  in  the  LEX  vortex  on  the  same  side 
resulting  in  a  burst  point  further  downstream.  At«<  =  50c  .  both  the  LEX  vortices  are  bursting  at  the  aoe* 
of  the  LEX.  In  general,  with  the  left  forebody  vortex  close  to  the  body  and  with  the  right  lEX  vortex 
burst  point  further  aft,  one  would  exoect  a  nose-left  and  right-wing-up  force  contribution . 


5.2  LEX  Modifiers 

Figure  14  shows  planform  and  side  views  to  compare  various  LEX  modifiers.  The  intent  was  to  try  various 
minor  modifications  to  the  LEX  apex  in  hopes  of  either  enhancing  the  LEX  vortex,  i.e.,  delaying  the  vortex 
burst  at  a  given  wing  location  to  higher  angles  of  attack  or  to  move  the  vortex  burst  point  further  aft  at 
a  given  angle  of  attack.  The  alternative  to  enhancement  is  to  spoil  the  vortex  and  cause  it  to  burst 
sooner.  These  photographs  show  the  flow  field  ato^=i2°  for  a  dean  configuration  in  (a)  and  (b),  for  lEX 
Modifiers  #1  in  (c)  and  Id).  *2  in  (e)  and  (f)  and  #4  in  (g)  and  (h).  (LEX  modifier  configurations  are 
shown  in  Figure  8.)  The  modifiers  were  all  installed  on  the  left  LEX;  the  right  LEX  was  used  to  try 
various  LEX  blowing  :  cherries  and  will  be  discussed  next.  By  comparing  these  four  pairs  of  pictures,  there 
do  not  appear  to  be  significant  differences  in  the  vortex  burst  locations.  In  viewing  the  flow,  it 
appeared  that  no  matter  what  type  of  disturbance  was  created  near  the  apex  of  the  LEX,  there  was  such  a 
significant  amount  of  LEX  area  behind  the  disturbed  region  that  the  flow  appeared  to  Quickly  reestablish 
itself  behind  the  disturbance,  and  a  vortex  was  generated  very  similarly  to  the  case  with  no  disturbance. 

For  a  smaller  LEX,  it  may  be  that  the  disturbance  near  the  apex  would  affuct  the  LEX  contribution  more 
severly  since  there  would  be  less  area  aft  of  the  disturbance  to  generate  a  vortex.  Since  the  LEX  chosen 
for  these  experiments  produces  a  very  strong  vortex,  it  is  not  unreasonable  that  a  strong  disturbance  is 
required  to  disrupt  it.  No  significant  effects  of  LEX  modifiers  #3.  *»5.  ard  #6  were  observed  in  terms  of 
changing  the  vortex  trajectory  or  the  burst  point.  The  only  exception  was  the  "spoiler"  used  in  (d)  which 
was  a  small  rectangular  tab  that  was  perpendicular  to  the  LEX  planform  and  created  a  turbulent  wake 
approaching  the  LEX  apex.  This  appeared  to  be  effective  as  a  spoiler  at  angles  of  attack  up  to  about 
<*-12°.but  at  higher  angles  the  wake  disturbance  had  minima1  impact  on  the  development  of  the  LEX  vortex. 
To  assess  the  real  impact  of  the  LEX  modifiers  on  changing  the  aerodynamic* forces  on  the  model,  ore  needs 
quanti tat*. ve  information  in  addition  to  the  visualization  results. 


Similar  results  are  shown  in  Figure  15  forc<=21°.  The  differences  between  the  observed  vortex  locations 
and  burst  points  with  and  without  the  spoiler  are  not  significant.  On  the  basis  of  the  modifiers  that 
were  tried,  it  appears  that,  in  general,  to  change  the  LEX  flow  significantly,  particularly  if  the  LEX  is 
shaped  to  produce  a  strong  vortex  and  is  reasonably  large  in  terms  of  percent  wing  area,  one  must 
introduce  larger  disturbances  and  perhaps  locate  them  further  downstream  on  the  lEX  to  be  more  effective. 


The  notion  that  effective  control  can  be  gained  by  disturbing  the  vortex  core  at  the  apex  of  the  lEX  aoes 
not  seem  to  be  true.  The  strength  of  the  vortex  is  not  determined  by  the  LEX  apex  geometry  but  by  the 
entire  edge  of  tne  LEX.  This  is  seen  to  be  true  from  the  results  of  Fr’nk  and  Lamar  16-17  where  the 
vortex  characteristics  were  shown  to  be  extremely  sensitive  to  the  LEX  shape.  The  most  effective  control 
would  aDpear  to  be  a  manipulation  of  the  vortex  after  it  is  fully  formed  or  at  least  tar  enough  aft  on  the 
LEX  so  that  the  generated  disturbance  cannot  be  overcome  to  any  great  extent  by  tne  remaining  LEX  surface. 
The  LEX  blowing  experiments  discussed  next  tend  to  support  this  observation. 


5.3  LEX  Blowing 

Several  different  schemes  for  blowing  on  the  surface  of  the  right  LEX  were  tried.  The  effects  of  varying 
the  blowing  location,  blowing  direction  (upstream  or  downstream)  and  blowing  rates  were 
examined.  The  blowing  schemes  (location  and  direction)  are  illustrated  in  Figure  9.  Figure  16  (a) 
through  (d)  shows  planform  views  of  LEX  blowers  #1,  #3  and  #7  with  the  model  at«<=210  .  Blower  #i  is 
blowing  aft  with  the  intent  of  energizing  the  vortex  and  moving  the  burst  point  further  aft.  It  did  not 
have  much  effect;  the  burst  point  is  relatively  unchanged.  The  same  result  was  observed  with  LEX  blower 
#3  (in  Figure  16(c))  which  used  forward  blowing  near  the  LEX  apex. 

Figure  16  (dj  snows  LEX  Dlower  #7  and  Figure  16  (e)  through  (h)  show  planform  and  side  views  of  LEX  blower 
#4.  These  two  schemes  also  involve  blowing  forward,  but  the  location  of  the  blowing  tube  was  much  futher 
aft  than  blower  #3.  The  origin  of  LEX  blower  #7  is  at  the  LEX  leading  edge  approximately  1/3  of  the  LEX 
chord  ahead  of  the  LEX/wing  junction.  Comparing  Figures  16  (d)  and  (a),  the  vortex  burst  point  moved  from 
mid  wing  to  near  the  LEX  apex.  Figure  16  (g)  and  (h)  shows  planform  and  side  views  of  LEX  blower  *4  with 
a  blowing  origin  in  the  center  of  the  LEX  span  just  forward  of  the  LEX/wing  junction.  In  these 
photographs,  the  blowing  is  off.  Figure  16  (k)  and  (1)  shows  the  effect  of  blowing  which  is  to  move  the 
burst  point  toward  the  apex.  The  location  of  the  LEX  vortex  burst  poin_  can  be  controlled  somewhat  by 
varying  the  blowing  rate.  The  tendency  is  for  the  vortex  burst  point  to  be  stabilized  at  the  location 
corresponding  to  no  blowing.  It  appears  that  there  must  be  some  threshold  blowing  rate  before  the  burst 
point  changes,  and  then  the  burst  point  moves  rapidly  to  a  location  just  ahead  of  the  blowing  origin.  It 
is  possible  that  even  though  the  burst  point  location  does  not  change  significantly  with  in  reusing 
blowing  rate  prior  to  some  threshold,  the  vortex  strength  or  influence  on  the  wing  lift  may  be  more  li.ee 
with  changing  blowing  rates.  Quantitative  force  measurements  are  needed  to  assess  this. 

In  general,  it  was  observed  that  to  influence  the  vortex,  one  must  introduce  a  disturbance  somewhere 
between  the  midpoint  on  the  LEX  chord  and  the  LEX/wing  junction.  It  also  appears  to  be  more  effective  if 
one  can  disturb  the  origin  of  the  vorticity,  the  LEX  leading  edge  where  the  snear  layer  is  generated  when 
the  flow  separates,  rather  than  to  directly  disturb  the  core.  From  a  practical  standpoint  it  would  be 
easier  to  implement  blowing  at  the  surface  than  to  blow  into  a  cone  that  might  be  located  well  away  from 
an  available  mounting  surface. 


5.4  Forebody  Strakes/LEX  Blowing 

Figur«  17  illustrates  in  pianform  ano  sioe  views  trie  effect  of  both  a  single  strake  on  the  forebody  and 
the  effect  of  blowing  on  the  right.  LEX.  All  the  photos  are  at  <= 21 °.  Frames  (a)  and  (b)  show  the  model 
without  a  strake  and  without  blowing.  Frames  (c)  and  (d)  show  the  configuration  with  a  single  strake 
(Strake  #1)  on  the  right  forebody.  The  right  forebody  vortex  is  above  the  body,  and  the  left  vortex  is 
pulled  completely  across  the  body  ahead  of  the  vertical  tail.  The  effect  on  the  rest  of  the  flow  fieic  is 
significant.  The  right  LEX  vortex  burst  poinu  is  moved  from  the  mid-wing  location  to  the  wing  trailing 
edge  and  much  further  outboard.  The  left  side  LEX  and  wing  vortices  burst  much  further  forward.  The 
aerodynamic  result  of  deploying  a  single  strake  as  shown  here  would  be  increased  lift  on  the  rignt  wing, 
decreased  lift  on  the  left  wing  and  higher  suction  on  the  left  forebody,  resulting  in  yaw  left  and  roll 
left  (left  wing  down).  Comparing  (c)  and  (d)  with  (e)  and  (f).  blowing  on  the  right  LEX  causes  tne  lEX 
vortex  burst  point  to  move  from  the  trailing  edge  of  the  wing  to  a  point  forward  cf  the  blowing  port.  The 
left  forebody  vortex  is  pulled  even  further  across  the  body  to  the  right.  The  left  LEX  vortex  bursts 

about  the  same  place  as  berore.  In  this  case  one  would  expect  the  lift  on  the  right  wing  to  decrease 

producing  a  change  in  the  rolling  moment  in  the  direction  of  right  wing  down. 

Adding  a  strake  to  the  left  forebody  shown  in  (g)  and  (h)  produces  forebody  vorte>.  symmetry  once  again  and 
the  flow  field  is  very  similar  to  the  case  with  no  strake  observed  in  (a)  ana  (t).  At  this  attitude,  a 
asymmetric  strake  on  the  nose  is  seen  to  have  very  significant  effects  on  the  entire  flow  field.  While 

symmetric  strakes  appear  to  have  very  litt’e  effect  compared  to  the  case  with  no  strake.  it  is  possible 

that  even  though  the  flow  is  symmetric  with  and  without  symmetric  strakes,  the  nose  lift  contributing  to 
the  pitching  moment  may  be  different.  Placement  of  the  strakes  can  have  a  large  influence  on  the 
contribution  of  the  nose  to  the  overall  lift  and  pitching  moment2. 


5.5  Forebody  Strakes/Forebody  Blowing 

Figure  18  shows  comparisons  similar  to  Figure  17  except  that  the  angle  of  attack  is  =40°.  Parts  (a) 
and  (b)  without  strakes  or  blowing  show  a  very  slight  forebody  vortex  asymmetry  and  large  asymmetry  in  the 
LEX  vortex  burst  point.  The  right  forebody  vortex  appears  to  be  higher  cff,the  nose  than  the  left  one. 
Adding  a  strake  on  the  right  side  shown  in  Parts  (c)  and  (d)  (note  this  strake,  Strake  *2.  is  somewhat 
shorter  than  the  one  shown  at  o£=21°  in  Figure  17)  forces  the  right-side  vortex  to  be  higher  above  the 
body  and  results  in  a  larger  forebody  vortex  asymmetry.  Although  not  shown  here,  the  effect  of  the  small 
strake  and  the  larger  one  shown  in  the  previous  figure  at  c<  =21°  are  nearly  identical.  It  is  logical  to 
assume  that  the  strakes  could  be  made  smaller  yet  and  have  nearly  identical  effects.  Parts  (e)  and  (f) 
show  the  effect  of  blowing  on  the  right  forebody.  The  vortex  asymmetry  switches,  that  is.  the  left 
forebody  vortex  Is  now  higher  off  the  body.  The  blowing  location  is  at  the  second  row  of  blowing  ports  at 
0=150°  (see  Figure  10) . 


The  sketch  below 


illustrates  the  relationship  between  the  blowing  port  and  the  primary  ana  secondary  vortices.  It  appeared 
that  the  most  effective  location  to  blow  was  between  the  reattachment  line  of  the  primary  vortex  ana  tn» 
separation  line  for  the  secondary  vortex.  Blowing  at  0=135°  between  the  separation  line  for  the  primary 
vortex  and  the  reattachment  of  the  secondary  vortex  was  not  very  effective  in  altering  the  asymmetric 
vortex  patterns.  The  most  effective  method  of  blowing  to  switch  the  orientation  of  the  forebody  vortices 
was  to  blow  at  0=150°  on  the  side  of  the  foreDody  where  the  primary  vortex  was  farthest  from  the  Dody.  As 
a  result  of  the  foreoody  blowing  ana  subsequent  switching  of  forebodv  vortices,  the  LEX  vortices  Durst 
points  are  nearly  opposite  from  the  non-blowing  case.  This  illustrates  the  interactive  nature  of  tre 
forebody  and  LEa  vortices  since  blowing  on  the  nose  affects  more  than  just  the  nose  vortices.  Adding  a 
matching  strake  to  the  left,  {gl  and  (h).  appears  to  make  the  forebody  vortices  symmetric  again,  ana  fe 
LEX  vortex  burst  points  are  asymmetric  just  as  they  were  for  the  case  with  no  straxes.  (a)  ard  ,'c>. 


6.  CONCLUSIONS 

"he  basic  purpose  of  this  effort  was  to  explore  the  *eas^biiit>  of  manipj’ating  the  vortex  f'ow  f  ••  e  l  a  tr.«t 
naturally  develops  around  a  fighter  aircraft  *n  order  to  enhance  its  controllability.  A  gene1--'?  fight*'- 
aircraft  model  was  tested  in  a  water  tunnel  at  ang’es  of  attacx  from  0  to  60°.  Severa1  mechanisms  for 
vortex  control  were  examined  on  a  baseline  corf igjrat ; on  including  small  modifications  to  me  apex  of  the 
LEX.  blowing  on  the  LEX.  blowing  or  the  fo«ebooy.  and  sl-akes  cr.  the  'orebody.  The  results  of  mese 
experiments  can  be  summarized  as  follows. 

1)  Modifiers  to  the  lEX  apex  had  very  littie  effect  on  the  lEa  vortex  cos '•t-' on  or  burst  point. 

2)  Blowing  on  the  lEX  was  ineffectual  near  the  lEX  ape-  but  very  iffect've  ;r  forcing  me  lEa  *crte> 

bui  st  point  to  move  forward  when  applied  aft  cf  f  e  lEa  m;o  c^o-'d. 

3)  Blowing  at  the  LEX  edge  appeared  to  be  mo>e  effective  >  promoting  the  vortex  to  Durst  thar  blow’,'c 

in  the  LEX  vortex  core  location. 

4)  Forebody  blowing  was  effective  in  switching  the  forebody  vortex  asymmetry  when  applied  at  a  *- a d i a  1 

position  of  0=150°  from  the  windward  stagnation  1-ne  and  perpend icu'ar  to  the  surface. 

5)  Single  forebody  strakes  at  0=150“  were  .e-  »  effective  m  producing  asymmetric  forebody  vortices. 


On  the  basis  of  the  present  experimental  results  and  work  by  others,  it  ran  be  conc'oaeo  that  mere  are  a 
number  of  methods  that  appear  to  be  effect’ ve  for  vortex  manipulation . 


6.1  Foreoody 

The  introduction  of  strakes  and/or  local  blowing  at  the  proper  location  on  the  forebody  has  been  sho^n  r 
this  investigation,  as  well  as  in  others  to  be  a  powerful  mechanism  for  altering  me  foreoody  vortex 
structure.  Since  the  forebody  has  a  large  input  in  determining  the  airplane  pitching  and  >aw;,,g 
moments,  even  small  changes  in  the  resulting  forces  on  the  forebody  through  vortex  control  can  pp  .e-'v 
effective.  The  efficiency  of  the  flow  modifier,  whether  it  be  a  strake  or  a  blowing  port  or  blbw^g 
nozzle,  is  very  dependent  on  the  longitudina'  and  radial  location  of  tre  flow  disturbance. 


6 .1  LEX/Wing 

Modification  of  the  vort'ces  generated  oy  me  LEX.  particularly  by  influencing  the  vortex  burst  point  c.e< 
the  wings  on  each  side  independent  1 y .  can  have  a  significant  impact  on  the  rolling  moment.  A  number  of 
methods  of  influencing  the  lEX  vortices  were  investigated.  Minor  mud  if ’cations  to  the  _EX  apex  and 
blowing  on  the  LEX  near  the  apex  did  not  ha^e  a  large  impact  on  the  vortex  burst  location.  It  appears 
that  to  alter  the  vortex  on  a  L E X  which  ’s  o»s‘gned  fon  a  strong  vortex  with  a  burst  point  as  tar  aft  as 
possible  requires  a  local  disturbance  on  the  LEX  surface  aft  of  the  apex.  Local  o'cw’rg  aft  of  the  -T,;d 
chord  was  shown  to  be  very  effective  ir.  forcing  the  natural  Durst  point  to  move  forward.  Regulating  t*e 
blowino  rate  and  proper  placement  of  the  blowing  jet  appears  to  na.e  merit  as  a  control  mechamsm 
further  experiments  will  be  required  to  assess  the  precision  of  control  that  can  re  achieved  and  the 
sensitivity  of  the  actual  force  inputs  to  the  LEX/wing  with  angle  of  attack  and  sideslip. 
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Fig.  4  -  Water  tunnel  model  components 
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Fig.  5  -  Basic  model 
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OSCILLATING  PLOW  OVER  BLUFF  BODIES 
IN  A  U-SHAPED  WATER  TUNNEL 
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SUMMARY 

The  studies  described  herein  deal  with  sinusoidally  oscillating  separated  and 
unseparated  flows  over  various  types  of  bluff  bodies.  First,  the  characteristics  of  a 
large  U-shaped  vertical  water  tunnel  are  described  and  then  the  numerical  and 
experimental  results  obtained  with  circular  cylinders  are  presented.  It  is  shown  that 
for  two-dimensional,  attached,  and  laminar-flow  conditions  the  data  are,  as  expected,  in 
good  agreement  with  the  Stokes  11] -Wang  [2]  analysis.  The  oscillatory  viscous  flow 
becomes  unstable  to  axially  periodic  Taylor-Gortler  vortices  above  a  critical  Keulegan- 
Carpenter  number  K  (K  =  UmT/D)  for  a  given  0  (  8  =  Dz/uT)  .  For  larger  values  of  K  the 
effects  of  separation  and  vortex  shedding  become  increasingly  important,  eventually 
leading  to  a  very  interesting  half  Karman  vortex  street  in  the  transverse  direction  in 
the  range  8  <  K  <  13.  The  discrete  vortex  model  of  the  separated  oscillating  flow  is 
shown  to  provide  a  reasonably  satisfactory  explanation  of  the  transverse  vortex  street. 
Finally,  an  attempt  is  made,  through  the  use  of  an  idealized  vortex  model,  to  explain 
the  observed  flow  modes  and  the  cycle-to-cycle  variations  in  forces  and  pressures  in 
terras  of  their  sensitivity  to  small  stochastic  variations  in  the  position  of  the 
vortices . 


1.  INTRODUCTION 

The  problem  of  separated  flow  about  a  bluff  body  remains  theoretically  unresolved 
even  for  a  unidirectional  steady  flow  where  the  vortices  interact  with  each  other  and 
with  the  counter-sign  vorticity  generated  at  the  base  of  the  body.  Fage  and  Johansen's 
pioneering  work  [3],  Gerrard's  [ 4 ]  vortex  formation  model,  and  Roshko’s  [5]  numerous 
contributions,  followed  by  a  large  number  of  important  papers,  have  provided  extremely 
useful  insights  into  the  mechanism  of  vortex  shedding.  It  became  clear  that  a  two- 
dimensional  body  does  not  give  rise  to  a  two-dimensional  wake  and  only  a  fraction  {about 
60%  for  a  circular  cylinder)  of  the  original  circulation  survives  the  vortex  formation. 

Many  flows  of  practical  interest  are  unsteady,  i.e.,  the  characteristics  of  the 
ambient  flow  are  time-dependent.  In  the  past  20  years  or  so  a  large  number  of 
theoretical  and  experimental  studies  have  been  carried  out.  These  dealt  primarily  with 
unseparated  laminar  flows,  the  early  stages  of  impulsively  started  flow  over  plates  and 
cylinders  (numerical  and  experimental  studies) ,  and  oscillating  flows  with  zero  or  non¬ 
zero  mean  (on  an  infinite  flat  plate  and  over  a  cylinder  with  streaming  flow,  all  under 
laminar  flow  conditions)  for  the  purpose  of  studying  the  effects  of  flow  unsteadiness  on 
the  transition  mechanism  and  turbulence  development  (see  e.g.  (6]).  Very  little  has 
been  attempted  either  theoretically  or  experimentally  to  analyze  the  wake-boundary-layer 
interaction  in  time -dependent  flows.  Most  of  the  numerical  studies  based  on  the  use  of 
the  Navier-Stokes  equations  and  some  suitable  spatial  and  temporal  differencing  schemes 
are  limited,  out  of  necessity,  to  low  Reynolds  number  flows  about  cylinders  and 
airfoilB.  The  subject  of  separated  time-dependent  flow  at  large  Reynolds  numbers  is 
lesser  developed  but  of  greater  practical  importance  (particularly  to  marine  related 
topics)  relative  to  other  classical  component  disciplines  of  fluid  mechanics. 

A  number  of  unsteady  flow  machines  and  their  use  in  the  investigation  of  unsteady 
turbulent  boundary  layers  have  been  reviewed  and  documented  by  Carr  (71.  These  included 
flat  plate,  diffuser,  pipe,  airfoil,  and  cascade  flows.  The  results  have  shown  that  (i) 
the  time-averaged  mean  velocity  profile  is  almost  always  the  same  as  the  velocity 
profile  that  would  occur  in  a  steady  flow  having  an  equivalent  mean  external  flow 
velocity?  (ii)  the  turbulent  structure  in  the  oscillating  flow  is  not  changed  from  the 
equivalent  steady-state  counterpart?  and  (iii)  the  unsteady  effects  are  often  confined 
to  a  thin  layer  near  the  wall,  while  the  outer  region  of  the  boundary  layer  is  not 
strongly  affected. 

The  numerical  solution  of  unsteady  incompressible  Nav: er-Stokes  equations  in  their 
vort icity-st ream-function  formulation  has  been  investigated  by  numerous  researchers 
through  the  use  of  various  finite-difference  techniques.  These  studies  concern  mostly 
the  separated  flow  about  circular  cylinder  and  prisms  at  relatively  low  Reynolds  numbers 
(see  e.g.,  Davis  &  Moore  [8]).  In  an  attempt  to  obtain  solutions  at  higher  Reynolds 
numbers  and  to  provide  a  more  natural  and  efficient  description  of  the  vortices, 
various  versions  of  the  discrete  vortex  model  have  been  used.  These  models  differ  from 
each  other  in  their  treatment  of  the  representation  of  the  body,  boundary  layer,  viscous 
diffusion,  separation  points,  generation  of  counter-sign  vorticity,  etc.  (see  e.g., 
Chorin  (9),  sarpkaya  &  Shoaff  [10],  Sarpkaya  &  Ihrig  Ill]).  Two  other  methods,  namely, 
the  finite  element  and  spectral  methods  have  also  received  increasing  attention. 
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It  appears  that  the  existing  numerical  methods  cannot  yet  treat  the  hiih  Reynolds 
number  flows  with  sufficient  accuracy  for  a  number  of  reasons.  The  finite  difference 
schemes  require  a  very  fine  grid,  a  turbulence  model,  and  a  very  large  computer  memory. 
The  grid-free  vortex  methods  suffer  from  a  number  of  shortcomings  (no  discernable 
Reynolds  number  dependence,  need  to  introduce  circulation  reduction,  difficulties 
associated  with  the  treatment  of  laminar  or  turbulent  boundary  layers  and  separation 
points,  etc.).  It  seems  that  the  modelling  of  the  turbulent  stresses  in  the  wake, 
particularly  in  time-dependent  flows,  will  be  the  major  source  of  difficulty  in  all 
future  calculations.  As  the  methods  of  calculation  are  refined,  one  will  need  detailed 
data  for  quantitative  comparison  since  the  qualitative  agreements  between  the  calculated 
results  and  flow  visualizations  will  not  suffice.  However,  measurements  of  turbulent 
quantities  in  separated  unsteady  flows  present  numerous  difficulties  and  there  is 
clearly  a  requirement  for  redundant  measurements  through  the  use  of  suitable  intrusive 
and  non-intrusive  instrumentation. 

The  separated  unsteady  flow  situations  involving  wake  return,  as  in  the  case  of  a 
sinusoidally  oscillating  flow  about  a  cylinder,  are  an  order  of  magnitude  more  complex 
and  there  has  not  yet  been  a  satisfactory  application  of  either  the  finite-difference 
methods  or  the  discrete  vortex  models  to  their  analysis. 

In  steady  flow  the  position  of  the  separation  points  is  nearly  stationary,  except 
for  small  excursions  of  about  +3  degrees  (on  a  circular  cylinder).  Furthermore,  the 
interference  between  the  vortices  and  the  body  is  confined  mostly  to  the  vortex 
formation  region. 

For  oscillating  flows  the  net  effect  of  the  shed  vortices  is  twofold.  Firstly, 
their  return  to  the  body  dramatically  affects  the  boundary  layer,  outer  flow,  pressure 
distribution ,  and  the  generation  and  survival  rate  of  the  new  vorticity.  Secondly,  they 
not  only  give  rise  to  additional  separation  points  (during  the  early  stages  of  the  flow 
reversal)  but  also  strongly  affect  the  motion  of  the  primary  separation  points.  These 
effects  are  further  compounded  by  the  diffusion  and  decay  of  vortices  and  by  the  three- 
dimensional  nature  of  the  flow  (all  of  which  give  rise  to  cycle-to-cycle  variations, 
numerous  flow  modes,  etc.).  The  stronger  and  better  correlated  the  returning  vortices, 
the  sharper  and  more  pronounced  the  changes  are  in  the  pressure  distribution  on  the  body 
and  in  the  integrated  quantities  such  as  lift,  drag,  and  inertia  coef f icients . 
Nevertheless,  the  increased  correlation  does  not  entirely  eliminate  the  consequences  of 
the  stochastic  variations  in  the  motion  of  vortices. 

In  periodic  flow,  the  mobile  separation  points  (when  they  are  not  fixed  by  sharp 
edges) ,  undergo  large  excursions  (as  much  as  120  degrees  during  a  given  cycle  of 
oscillating  flow  over  a  circular  cylinder).  This  experimental  fact  renders  the 
treatment  of  boundary  layers  on  bluff-bodies  subjected  to  periodic  wake  return  extremely 
difficult,  particularly  when  the  state  of  the  boundary  layer  changes  during  a  given 
cycle.  Furthermore,  the  classical  criterion  of  separation  for  steady  flow,  i.e.,  the 
vanishing  of  skin  friction  on  the  body,  is  no  longer  valid  for  unsteady  flow.  According 
to  the  MRS  criterion  (Moore  (12J  ,  Rott  113)  ,  and  Sears  [14]),  it  is  the  simultaneous 
vanishing  of  the  shear  and  the  velocity  at  a  point  within  the  boundary  layer  that 
determines  the  separation  point.  Furthermore,  the  time  rate  of  change  of  circulation  is 
no  longer  given  by  dr/dt  =  0.5Ur»  as  in  steady  flow,  where  U  is  the  outer  flow 
velocity  at  separation,  but  by  (0.5U^  -  UUS)  where  Us  is  the  speed  of  the  separation 
point. 

It  is  clear  from  the  foregoing  that  there  is  little  hope  of  devising  a  satisfactory 
theoretical  model  before  something  is  understood  of  the  unsteady  processes  associated 
with  the  formation  and  reversal  of  the  wake,  spanwise  coherence,  the  sensitive 
dependence  of  the  motion  of  vortices  on  small  changes  in  the  previous  conditions,  nature 
of  transition  in  oscillating  flow  about  smooth  and  rough  cylinders,  etc. 

The  practical  needs,  coupled  with  the  complexity  of  the  problem,  led  to  the 
proposal  of  an  empirical  equation,  known  as  the  MOJS  equation  (Morison,  O'Brien, 
Johnson,  fir  Schaff  [15])  to  predict  the  time-dependent  in-line  force  acting  on  a  vertical 
cylinder  immersed  in  waves  and  other  unsteady  flows.  Its  justification  is  strictly 
pragmatic  and  rests  with  experimental  confirmation.  The  MOJS  equation  has  been  examined 
in  great  detail  and  its  limitations  have  been  pointed  out  numerous  times  during  the  past 
ten  years  (see  e.g.,  Keulegan  &  Carpenter  [16],  Sarpkaya  [17,  18],  Sarpkaya  &  Isaacson 
[19])  . 

Prior  to  1975,  the  only  data  obtained  under  controlled  laboratory  conditions  were 
those  of  Keulegan  and  Carpenter  [16]  with  smooth  cylinders  and  plates  normal  to  the 
flow.  In  1976  ,  Sarpkaya  [17]  presented  the  results  of  a  comprehensive  study  of  the 
hydrodynamic  forces  on  both  smooth  and  rough  cylinders  in  a  sinusoidally  oscillating 
planar  flow  in  a  U-shaped  water  tunnel  and  introduced  the  parameter  8  *  D2/i/T  into  the 
analysis  of  separated  time-dependent  flows.  Since  1976,  a  number  of  laboratory  and 
ocean  experiments  have  been  carried  out  (for  a  detailed  discussion  of  these  see  Sarpkaya 
&  Isaacson  [19]). 


2.  U-SHAPED  VERTICAL  WATER  TUNNEL 

The  tunnel  (the  largest  of  its  kind  in  the  world)  consists  of  thirteen  modules. 
Each  module  is  made  of  3/8  inch  (10  mm)  aluminum  plates  which  are  reinforced  with  1/2 
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in.  x  4  in.  x  22  in.  (1.3  cm  x  10  cm  x  56  cm)  aluminum  flanges  welded  to  the  plates. 
The  modules  were  assembled  using  an  air  drying  silicon-rubber  seal  between  the  module 
frames.  The  flanges  were  held  together  with  one  inch  steel  bolts  spaced  six  inches  (15 
cm)  apart.  The  interior  of  each  module  was  precision  machined  so  that  the  largest 
misalignment  was  approximately  0.04  in.  (1  mm).  A  sketch  of  the  tunnel  interior  is 
shown  in  Fig.  1.  The  inside  cross-section  of  the  two  risers  is  6  ft  x  3  ft.  (1.83  m  x 
0.91  m)  and  that  of  the  horizontal  section  is  4.67  ft  x  3  ft.  (1.42  m  x  0.91  m)  .  The 
size  of  these  areas  is  dictated  by  such  conditions  as  the  available  ceiling  height, 
pressures  to  be  encountered,  amplitude  and  period  of  the  oscillations,  desired  range  of 
Reynolds  and  Keulegan-Carpenter  numbers,  boundary  layer  thickness  on  the  walls,  etc. 
The  length  of  the  horizontal  test  section  was  made  twice  as  large  as  the  maximum 
amplitude  to  ensure  fully  developed  uniform  flow  at  the  test  section.  The  corners  of 
the  tunnel  are  carefully  streamlined  to  prevent  flow  separation. 

The  ancillary  equipment  for  the  tunnel  consists  of  plumbing  for  filling  and 
draining  the  tunnel  with  hot  and  cold  water  (50°  to  160°F)  (10°  to  71°C)  ,  a  heat 
exchanger  and  an  air  supply  system  (see  Fig.  2).  A  three  horsepower  motor  drives  a 
centrifugal  fan  and  supplies  air  to  the  tunnel.  The  air  from  the  fan  passes  through  an 
air  control  box  and  into  a  duct.  The  control  box  has  two  gate  valves,  one  at  the  box 
entrance  and  one  on  top  of  the  box.  The  entrance  valve  is  raised  and  lowered  vertically 
by  a  threaded  rod  attached  to  a  manually  operated  gear  and  allows  for  a  fine  adjustment 
of  the  air  flow.  The  top  valve  is  opened  and  closed  by  sliding  the  hatch  horizontally 
and  provides  a  coarse  adjustment  of  the  air  flow.  The  air  then  flows  through  the 
vertical  duct  to  the  three-way  valve.  The  control  valve  permits  the  air  to  flow  into 
the  tunnel  at  prescribed  time  intervals.  Figure  3  shows  the  details  of  the  three-way 
control  valve.  The  valve  body  is  a  drum  which  is  two  feet  (61  cm)  in  diameter  and  four 
feet  long  (122  cm).  Four  openings  were  cut  into  the  drum  as  shown  in  Fig.  3.  The  vane 
inside  the  drum  is  used  to  direct  the  motion  of  the  air  to-and-from  the  tunnel.  The 
vane  rocks  about  a  mean  position  by  means  of  a  connecting  rod  through  a  sprocket  wheel 
and  chain  mechanism  (see  Fig.  3).  The  chain  is  driven  by  a  variable  speed  motor  and 
gear.  The  speed  of  the  motor  is  controlled  by  an  electronic  feed-back  control  system. 
It  increases  or  decreases  the  speed  of  the  motor  so  as  to  maintain  the  period  of 
oscillation  within  ±  0.001  second  about  the  natural  period  of  the  fluid  in  the  tunnel. 
To  insure  smooth  and  uniform  rotation  of  the  system,  one  flywheel  is  attached  to  the 
drive  shaft  of  the  connecting  rod  and  another  flywheel  to  the  motor  drive  shaft.  Air 
flows  from  the  duct  into  the  entrance  port  (marked  A  in  Fig.  3)  and  is  directed  by  the 
vane  into  the  tunnel  (port  B)  or  to  the  atmosphere  (port  D)  .  The  vane  and  the  plastic 
flap  also  provide  a  smooth  flow  path  for  the  air  escaping  from  the  tunnel  (port  C)  when 
the  supply  air  is  vented  to  the  atmosphere. 

To  oscillate  the  fluid  in  the  tunnel,  the  three-way  control-valve  motor  is 
activated  and  the  centrifugal  fan  is  turned  on.  The  vane  rocks  back  and  forth  (at  a 
period  of  T  =  5.3512  +  0.0010  seconds,  where  5.3512  seconds  is  the  natural  period  of  the 
tunnel  for  the  amount  of  water  admitted  into  the  tunnel)  ,  supplying  air  to  the  tunnel 
and  then  exhausting  it  to  the  atmosphere.  The  amplitude  is  controlled  by  the  amount  of 
air  supplied  to  the  tunnel  by  opening  or  closing  the  gate  valves  on  the  control  box. 
The  amplitude,  once  set,  remains  constant  as  long  as  desired  with  a  maximum  variation  of 
less  than  0.2%  per  setting  over  at  least  1000  cycles  of  oscillation.  The  small 
variation  is  primarily  due  to  the  voltage  fluctuations  at  the  generating  plant. 

2.1  Force  Measurements 

Depending  on  the  type  of  bluff  body  tested  (circular  cylinders,  prisms,  spheres, 
cables,  submarine-like  bodies  of  revolution,  etc.),  one  or  two  force  transducers  (shear 
gages)  are  used  to  measure  the  instantaneous  force.  The  force  transducers  can  measure 
both  the  in-line  and  transverse  forces.  One  typical  gage  has  a  50  pound  (212  N) 
capacity  with  an  overload  capacity  of  200  percent.  With  a  50  pound  load,  the  gage 
deflection  is  about  0.01  inches. 

The  bellows  which  protects  the  strain  gages  is  water-proofed  by  filling  it  with 
liquid  silicon  without  bringing  the  liquid  rubber  into  contact  with  air  during  the 
filling  operation.  Then  the  ends  of  the  bellows  are  sealed  air  tight  with  clamps.  The 
silicon  rubber  remains  in  its  liquid  form  and  protects  the  gages  when  they  are  subjected 
to  approximately  20  feet  (6  m)  of  water  pressure  at  temperatures  ranging  from  50°  to 
160°  F  (10°  to  71°C)  (for  additional  details  see  (18)), 

2.2  Acceleration ,  Elevation*  and  Velocity  Measurements 

During  the  past  ten  years,  various  methods  have  been  used  to  determine  the 
characteristics  of  the  ambient  flow  at  the  test  section.  These  consisted  of  (i)  the 
visual  observation  and  recording  of  the  maximum  and  minimum  water  levels  in  both  legs  of 
the  tunnel;  (ii)  the  use  of  calibrated  platinum  capacitance  wires  in  both  legs  of  the 
tunnel;  (iii)  the  measurement  of  the  instantaneous  acceleration  by  means  of  a 
differential-pressure  transducer  (see  [17]  for  additional  details)  connected  to  two 
pressure  taps  on  the  legs  of  the  tunnel;  (iv)  the  measurement  of  the  path  of  neutrally 
buoyant  particles  through  the  use  of  motion  pictures;  (v)  measurement  of  the  path  of  a 
few  particles  falling  in  the  Stokes  regime,  again  through  the  use  of  motion  pictures; 
and  (vi)  the  measurement  of  the  velocity  in  the  test  section  through  the  use  of  an  U>V 
system  at  selected  amplitudes  of  flow  oscillation.  These  methods  yielded  the  ambient 
flow  acceleration,  velocity,  and  displacement  with  an  error  less  than  1%.  The  signals 
generated  by  the  transducers  were  entirely  free  from  noise  and  were  never  filtered. 
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2.3  Data  Acquisition  Syatea 

The  actual  electronic  circuitry  varied  from  one  experiment  to  another  depending 
upon  the  type  of  bluff  body  tested  and  the  type  of  conditions  to  which  the  body  is 
subjected.  The  following  circuits  are  described  for  a  typical  circular  cylinder 
experiment . 

The  outputs  of  the  two  force  transducers  are  amplified  by  carrier  ana  low-gain 
amplifiers  and  then  sent  to  a  multichannel  recorder  for  simultaneous  analog  recording 
and  to  a  computer  system  via  an  A/D  converter  for  analysis  and  magnetic  recording  of  the 
digitized  data.  The  signal  sampling  rate  was  chosen  to  be  720  samples  per  cycle  per 
channel  (i.e.,  about  135  samples/second/channel  or  a  sample  for  every  0.5  degrees).  The 
data  were  recorded  for  50  cycles  of  flow  oscillation  for  each  specific  experiment  and 
k  stored  on  floppy  disks  and  analyzed  partly  during  the  experiments  (for  a  quick  look)  and 

partly  after  the  experiments  (for  more  detailed  analysis  of  the  data). 

2.4  Circular  Cylinders 

i  Each  cylinder  was  made  of  three  pieces:  two  fixed  dummy  ends  and  one  active  central 

piece  with  L/D  =2.  A  spacing  of  approximately  1/32  in.  (0.8  mm)  was  maintained  between 
1  the  active  and  dummy  pieces.  The  active  segment  was  mounted  concentrically  on  a 

supporting  cylinder  whose  ends  were  in  turn  connected  to  two  force  transducers.  The 
ends  of  the  active  cylinder  were  sealed  so  that  the  space  between  the  supporting 
cylinder  and  the  active  segment  was  kept  unflooded.  The  cylinders  were  first  mirror 
polished  and  maintained  clean  during  the  smooth  cylinder  experiments.  The  cylinder 
surface  was  wiped  clean  at  the  end  of  each  day  in  order  to  prevent  the  development  of 
water  marks  on  the  surface.  Subsequently,  all  three  parts  of  a  given  cylinder  were 
1  covered  with  sieved  sand  (using  an  epoxy  resin  [17,  18])  so  as  to  obtain  the  desired 

relative  surface  roughness. 


3.  DISCUSSION  OP  RECENT  INVESTIGATIONS 

During  the  past  ten  years,  the  oscillating  flow  facility  has  been  used  to 
investigate  the  in-line  and  transverse  forces  on  smooth  and  rough  cylinders  at  high 
Reynolds  numbers  [17-20],  the  hydroelastic  oscillations  of  elastically-mounted  cylinders 
in  harmonic  flow  [21],  the  flow  about  Bilge  keels  [22],  oscillating  flow  about  various 
rectangular  prisms  [23],  and  the  behavior  of  oscillatory  turbulent  boundary  layers.  In 
this  paper  only  the  most  recent  investigations  are  described  briefly. 

3.1  Taylor-Gortler-Hall-Honji  Instability 

Stokes  [1]  was  the  first  to  show  that  the  force  acting  on  a  cylinder  or  sphere 
oscillating  sinusoidally  in  a  viscous  fluid  is  dependent  on  both  K  and  Re  (or  0  =  Re/K) . 
In  the  case  of  a  fixed  circular  cylinder  in  a  sinusoidally  oscillating  flow  stokes  force 
may  be  expressed  in  terms  of  the  MOJS  equation  [15]  given  by, 


where 


and 


F(t)  =  (l/2)CdpD  ju(t)|  U(t)  +  (l/4)Cmp7TD2au(t)/dt  (1) 

Cd  =  (3ir3/2K)  [  (ir 8)~1/2  +(T8!_1  +  0(»-8)‘3/2]  (2) 

Cm  =  2  +  4  (1T8)'1/2  +  O(t0>~3/2  (3) 


in  which  Cj  and  Cm  represent  the  Fou r ie r -averaged  drag  and  inertia  coefficients. 
Equations  (2)  and  (3)  are  valid  only  for  large  values  of  0.  Wang  [2]  extended  this 
analysis  to  O[(ir0)  'zJ  using  the  method  of  inner  and  outer  expansions.  His  solution, 
valid  for  K  <<  1,  Re.K  <<  1,  and  0  >>  1,  may  be  reduced  to 


and 


cd  =  (31T3/2K )[(*S)'1/2  +(»6)"1  -  (i/4)  («T0)'3/2]  (4) 

Cm  =  2  +  4(1 rfi )  “I/2  +  (we)~3/2  (5) 


The  expressions  (2)  and  (3)  differ  from  (4)  and  (5)  only  in  the  last  terms.  Stokes  and 
Wang's  solutions  yield  virtually  identical  results  in  the  range  of  their  validity,  i.e., 
for  large  0  . 


i 


Relatively  few  experiments  have  been  carried  out  with  sinusoidally  oscillating 
cylinders  at  low  Keulegan-Carpenter  numbers.  Honji  [24]  oscillated  a  circular  cylinder 
in  water  at  rest  in  the  range  70  <  0  <  700  and  0  <  K  <  4,  and  investigated  the  stability 
of  the  flow.  He  has  delineated  three  regions  in  the  (K,0)-plane:  a  region 
(corresponding  to  relatively  small  K)  in  which  no  streaks  formed  because  the  flow 
remained  attached,  stable  and  two-dimensional;  a  second  region  in  which  the  flow  became 
unstable  to  axially  periodic  vortices;  and  a  third  region  in  which  no  clear  streaks 
formed  because  the  flow  became  turbulent. 
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Figure  4  is  a  sample  picture  of  the  streaked  flow  along  a  cylinder  (obtained  in  the 
present  investigation  through  the  use  of  electrolytic  precipitation  from  a  thin  strip  of 
solder  placed  along  the  cylinder).  The  streaks  are  nearly  equally  spaced  along  the 
cylinder  (about  0.6-0. 7  D)  .  The  vortex  sheets  forming  on  the  cylinder  on  each  side  of 
the  streak  wrap  up  into  a  pair  of  vortices  of  opposite  sign,  giving  the  streak  a 
mushroom-shaped  cross-section.  The  roll-up  of  the  vortex  sheets  is  known  to  be 
accompanied  by  Helmholtz  instability  which  produces  turbulence.  It  was  not  possible  to 
observe  Helmholtz  instability  in  the  present  tests  owing  to  a  number  of  difficulties 
associated  with  the  small  size  of  the  streaks. 

Hall  [25]  carried  out  a  stability  analysis  of  the  oscillating  flow,  valid  only  in 
the  limit  fl-w-co  and  K— ►O,  and  showed  that  'oscillatory  viscous  flows  interacting  with 
rigid  boundaries  of  convex  curvature  can  become  unstable  to  Taylor-Gbrtler  vortices'. 

Hall's  critical  Reulegan-Carpenter  number  may  be  written  as 


Kcr  =  Recr/«  -  5.7780'1/4(1  +  0.2058~1/4  +  _ )  (6) 


according  to  which  the  critical  Reynolds  number  Rec  increases  with  increasing  $  (e.g., 
Recr  =  6433,  Kcr  =  0.57  for  B  =  11,240). 

Recently,  Sarpkaya  [18,  26]  presented  data  (see  Figs.  5-7)  for  a  number  of  smooth 
and  rough  cylinders  over  a  large  range  of  0  and  has  shown  that  (i)  the  theoretical 
values  of  the  inertia  coefficient  agree  quite  well  with  those  obtained  experimentally 
for  K  smaller  than  that  corresponding  to  the  inception  of  boundary-layer  transition; 
(ii)  the  drag  coefficient  predicted  by  the  Stokes-Wang  analysis  agrees  well  with  that 
obtained  experimentally  for  K  <  Kcr  at  which  the  flow  becomes  unstable  (Taylor-Gdrtler- 
Hall-Honji  instability)  (see  Fig.  5);  (iii)  the  critical  regime  is  followed  either  by 
separation  and  transition  or  by  transition  and  delayed  separation.  In  either  case, 
separation  and  minimum  drag  occur  almost  simultaneously;  (iv)  roughness  precipitates 
instability  and  transition  to  turbulence  in  the  boundary  layers.  Its  net  effect  is  to 
increase  Cd,  relative  to  the  Stokes-Wang  prediction,  and  to  delay  separation  (see  Fig. 
6).  These  findings  have  established  a  connection  between  the  Stokes-Wang  analysis, 
Honji's  observations,  and  Hall's  stability  analysis. 

Figure  7  shows  the  dependence  of  the  inception  of  the  TGHH  instability  and  the 
onset  of  separation  and  turbulence  on  K  and  0.  According  to  this  figure,  Kc  =  1.06, 
Recr  =  1097,  K_  =  1.5,  and  Kt  =  1.7  for  0  *  1035.  In  Fig.  5,  Cd  deviates  from  the 
Stokes-Wang  prediction  between  Kcr  =  0.7  and  0.8  (Rec  =  725  and  825).  The  minimum  Cd 
in  Fig.  5  is  seen  to  occur  at  K  =  1.6.  Thus,  it  appears  that  the  minimum  drag  occurs 
shortly  after  separation  and  when  the  boundary  layer  becomes  turbulent.  Figure  6  shows 
representative  data  obtained  with  a  rough  cylinder  (k/D  =  0.01)  for  0  =  1800.  According 
to  Fig.  7,  the  instability  should  begin  at  K  =0.4  (probably  at  a  smaller  K  on  the 
basis  of  Fig.  5),  a  value  which  was  unattainable  in  the  present  experiments. 
Apparently,  the  boundary  layer  has  become  unstable  by  the  time  K  reached  a  value  of 
about  0.45  (lowest  K  in  Fig.  6).  Subsequently,  Cd  decreases  rapidly,  while  remaining  on 
a  line  nearly  parallel  to  the  Stokes-Wang  line,  and  reached  its  minimum  value  at  K  = 
2.4.  In  summary,  the  transition  at  =  1.1  is  followed  by  separation  at  K„  =  1.9  (Re  * 
3,400)  and  minimum  drag  at  R  3  2.4.  The  delay  in  separation  is  attributed  to  the 
earlier  transition  in  the  boundary  layer. 

It  is  evident  from  the  foregoing  that  the  sinusoidally-oscillating  planar  flow 
becomes  unstable  to  axially  periodic  vortices  at  a  critical  value  of  the  Keulegan- 
Carpenter  number  for  a  given  0  and  k/D  (relative  roughness) .  The  effect  of  roughness  is 
to  precipitate  instability  and  transition.  For  smooth  cylinders  and  for  Q  smaller  than 
about  2,600,  separation  precedes  transition  to  turbulence  in  the  boundary  layers.  In 
this  case,  the  minimum  drag  and  transition  occur  at  about  the  same  K.  When  the 
transition  precedes  separation,  then  the  separation  is  delayed  to  a  higher  K -value.  In 
this  case  too  the  minimum  drag  nearly  corresponds  to  the  occurrence  of  separation,  Ks 
being  slightly  smaller  than  (K  for  minimum  drag) . 

3.2  Transverse  Vortex  Street  in  Oscillating  Plow 

Figures  5  and  6  show  that  for  K  >  K  d  the  drag  coefficient  increases  gradually  as 
the  effects  of  flow  separation  and  vortex  shedding  become  increasingly  important. 
Extensive  flow  visualization  experiments  have  shown  that  a  half  Karman  vortex  street 
develops  in  the  transverse  direction  in  the  range  8  <  K  <  13.  Figures  8a  through  8h 
show  a  sequence  of  eight  photographs  of  the  vortex  motion  resulting  from  the  sinusoidal 
oscillation  of  a  cylinder  in  a  fluid  otherwise  at  rest.  Clearly,  the  vortex  street  is 
transverse  to  the  direction  of  motion  of  the  cylinder.  There  is  no  preferred  transverse 
direction  and  the  vortex  street  in  Fig.  8  could  have  occurred  to  the  right  of  the 
cylinder,  with  equal  probability,  depending  on  the  initial  conditions.  However,  once 
the  street  is  formed,  it  is  very  stable  and  stays  in  that  direction  for  an  indefinite 
period  of  time  (Bearman  [27],  Sarpkaya  [28],  and  Williamson  [29]). 

The  reason  for  the  occurrence  of  the  transverse  vortex  street  in  the  said  range  of 
K  values  (corresponding  to  the  amplitude-to-diameter  ratios  of  A/D  -  1.27  to  2)  is,  as 
expected,  the  formation  of  two  asymmetric  vortices  during  a  given  half  cycle  and  the 
effect  of  the  returning  vortices  on  the  formation  of  the  new  vortices.  This  is 


illustrated  through  the  use  of  the  discrete  vortex  model  in  Figs.  9a  through  9f  (the 
details  of  the  numerical  model  will  not  be  described  here  for  sake  of  brevity.  A 
detailed  description  of  the  discrete  vortex  model  may  be  found  in  (10,  111). 

Figure  9a  shows  the  flow  towards  the  right,  as  it  decelerates,  (see  the  magnitude 
and  the  direction  of  the  arrow  at  the  center  of  the  circle)  and  the  vortex  pattern  which 
has  evolved  during  the  previous  cycles  of  flow  oscillation.  As  the  flow  reverses  (see 
Figs.  9b-9d) ,  the  large  vortex  at  the  upper  right-hand  side  of  the  cylinder  gives  rise 
to  earlier  separation  and  establishes,  by  its  sense  of  rotation,  a  preferred  position 
for  the  next  dominant  vortex  (Figs.  9e  and  9f )  .  As  the  flow  reverses  once  again,  the 
counter-clockwise  rotating  vortex  to  the  left  of  the  cylinder  in  Fig.  9f,  begins  to  move 
towards  the  cylinder,  as  in  Fig.  9a,  and  the  events  of  the  previous  half-cycle  repeat, 
giving  rise  to  the  transverse  vortex  street.  The  creation,  shedding  and  backward 
convection  of  the  dominant  vortex  in  this  flow  situation,  where  there  are  only  a  few 
vortices,  strongly  affect  the  pressure  distribution  about  the  cylinder.  This  is  one  of 
the  most  important  reasons  as  to  why  the  MOJS  equation  [Eq.  (1))  fails  to  represent  the 
in-line  force  acting  on  the  cylinder  with  reasonable  accuracy.  Additionally,  the  growth 
and  shedding  of  the  dominant  vortices  from  the  same  side  of  the  cylinder  gives  rise  to  a 
net  transverse  force  on  the  cylinder.  Finally,  the  side  from  which  the  dominant  vortex 
sheds  may  become  switched  either  by  the  action  of  random  disturbances  in  the  flow  or  by 
stopping  and  restarting  the  tunnel. 

At  larger  K  values  (15  <  K  <  25)  (see  Pig.  10),  the  stronger  of  the  two  vortices 
formed  during  the  previous  half  cycle  (I)  is  shed  and  convected  away  as  the  flow 
reverses.  It  forms  a  couple  with  the  new  vortex  generated  downstream  (III)  and  together 
they  leave  the  immediate  wake  region.  This  allows  the  next  dominant  vortex  (IV)  to  form 
on  the  lower  (opposite)  side  of  the  cylinder  (Fig.  10c)  since  it  continues  to  grow 
following  the  premature  shedding  of  vortex  III.  Vortex  V  grows  only  slightly  prior  to 
the  next  flow  reversal.  As  the  flow  reverses  (Fig.  lOd) ,  vortex  IV  is  convected  to  the 
left  and  forms  a  new  pair  with  vortex  VII.  These  two  vortices  are  then  swept  away  in  a 
manner  similar  to  the  convection  of  vortices  I  and  III.  This  pattern  repeats  each  half 
cycle. 

The  rapid  motion  of  the  vortex  pairs,  therefore,  occurs  on  opposite  sides  of  the 
flow  and  cylinder,  i.e.,  vortices  I  and  III  move  up  and  towards  the  right  side  while 
vortices  IV  and  VII  move  down  and  towards  the  left  (at  roughly  45°  to  the  direction  of 
the  ambient  fluid  motion).  Thus,  the  location  from  which  the  stronger  of  the  vortices 
sheds  alternates  between  the  top  and  bottom  of  the  cylinder.  In  this  range  of  Keulegan- 
Carpenter  numbers,  then,  the  generation  of  asymmetric  vortices  and  the  convection  of  the 
dominant  vortex  over  the  cylinder  (once  from  the  top  and  once  from  the  bottom)  gives 
rise  to  a  cyclic  transverse  force.  This  cyclic  lift  force,  however,  has  zero  mean 
value.  The  direction  of  the  vortex  trails  could  be  switched  by  stopping  and  restarting 
the  tunnel.  Occasionally,  the  trails  were  observed  to  switch  while  the  flow  was 
oscillating  with  a  constant  amplitude. 

For  larger  Keulegan-Carpenter  numbers  (K  >  25)  ,  additional  vortices  form  during  a 
half  cycle  and  an  array  of  vortices  more  closely  resembling  a  Karman  vortex  street  is 
found  on  each  side  of  the  cylinder.  The  flow  visualization  «nd  the  discrete  vortex 
analysis  have  shown  that  some  of  the  vortices  are  destroyed  by  mixing  with  others  of 
oppositely-signed  vorticity  as  the  flow  reverses  each  half  cycle.  However,  this  process 
is  not  perfectly  repeatable,  i.e.,  the  effects  of  the  small  changes  in  the  strengths  and 
positions  of  the  vortices  are  sometimes  so  amplified  by  their  mutual  interactions  that 
any  finite-precision  information  about  a  particular  instant  provides  no  finite-precision 
information  about  the  state  of  the  flow  at  later  times.  In  other  words,  sinusoidally 
oscillating  flow  about  bluff  bodies  exhibits  both  a  periodic  and  a  stochastic  behavior. 
Consequently,  the  quantification  of  the  resulting  in-line  force  as  a  linear  sum  of  a 
velocity-square-dependent  drag  force  and  an  acceleration-dependent  inertial  force  [Eq. 
(1)J  is  at  best  a  convenient  engineering  approximation  with  no  obvious  better 
alternatives . 

3.3  Sensitivity  to  slight  Variations  in  Vortex  Position 

The  study  of  the  chaotic  advection  of  particles  through  the  use  of  highly  idealized 
models  has  been  the  subject  of  numerous  investigations.  The  model  arises  naturally  from 
recent  work  on  systems  of  a  few  point  vortices,  in  particular  the  so-called  restricted 
four-vortex  problem  [30-31J  in  which  the  advection  of  a  single  passive  marker  particle 
by  three  identical  vortices  is  studied.  The  model  described  herein  distils  from  these 
earlier  investigations  and  considers  the  motion  of  a  single  vortex  (and  its  image)  in  a 
sinusoidally  oscillating  flow  about  a  circular  cylinder. 

A  vortex  of  strength  r/(vU_D)  *  0.5  is  placed  at  (0  y)  at  t  =  0  in  the  flow, 
oscillating  with  an  ambient  velocity  U  =  (Jmsinwt,  about  a  cylinder  of  diameter  D.  The 
Keulegan-Carpenter  number  is  chosen  to  be  K  *  10.  Then  the  path  of  the  vortex,  the  lift 
and  drag  coefficients  CL  and  C^,  the  magnitude  Q  as  well  as  the  x-  and  y-components  of 
the  advection  velocity  (u,v)  of  the  vortex  are  calculated  through  the  use  of  a  5th- 
order-accurate  numerical  scheme  for  various  initial  values  of  y.  Figures  11-13  show 
that  the  results  are  dramatically  dependent  on  the  initial  conditions.  For  y  *  1.5054 
(Fig.  11)  there  are  cycle-to-cycle  variations  in  the  calculated  quantities.  However, 
the  vortex  path  does  not  come  too  close  to  the  cylinder  and  the  calculated  quantities 
(e.g.,  the  lift  and  drag  coefficients)  do  not  exhibit  a  chaotic  behavior  within  13 
cycles  of  calculations.  When  y  is  decreased  by  0.0001  (y  »  1.5053  in  Fig.  12),  the 


vortex  is  ‘captured1  by  the  cylinder  at  the  9th  cycle,  giving  rise  to  dramatic  changes 
in  all  the  computed  quantities.  In  order  to  show  that  the  observed  behavior  of  the 
vortex  is  not  a  smooth  function  of  y,  the  results  shown  in  Fig.  13  were  calculated  using 
an  intermediate  value  of  y  *  1.50535.  Clearly,  the  path  of  the  vortex  and  hence  the 
behavior  of  all  the  other  characteristics  of  unsteady  flow  about  the  cylinder  depend 
critically  on  the  initial  conditions  of  the  vortex.  This  highly  idealized  model 
suffices  to  show  that  any  finite-precision  information  about  the  initial  characteristics 
of  a  vortex  (or  of  larger  number  of  vortices)  provides  no  finite-precision  information 
about  the  characteristics  of  the  flow  at  later  times  and  that  the  lack  of  spanwise 
coherence  of  vortices  is  not  the  sole  cause  of  cycle-to-cycle  variations  in  the  measured 
quantities.  The  motion  of  a  larger  number  of  vortices  is  expected  to  lead  to  similar 
conclusions.  The  extent  to  which  the  sensitivity  of  the  flow  to  the  conditions 
prevailing  in  the  previous  cycles  is  damped  by  finite  core  effects  and  viscosity  is  an 
important  issue  which  cannot  be  dealt  with  through  the  use  of  idealized  models. 


4«  CONCLUDING  REMARKS 

The  characteristics  of  sinusoidally  oscillating  separated  and  unseparated  flows 
about  a  circular  cylinder  are  discussed  in  as  much  detail  as  possible.  It  is  shown  that 
a  large  U-shaped  vertical  water  tunnel  is  ideally  suited  for  such  an  investigation.  The 
oscillatory  viscous  flow  becomes  unstable  to  axially  periodic  Taylor-Go'rtler  vortices 
above  a  critical  Keulegan-Carpenter  number  K  for  a  given  frequency  parameter  0.  For 
larger  values  of  K  the  effects  of  separation  and  vortex  shedding  become  increasingly 
important,  eventually  leading  to  a  very  interesting  half  Karman  vortex  street  in  the 
transverse  direction.  The  discrete  vortex  model  of  the  separated  oscillating  flow  is 
shown  to  provide  a  reasonably  satisfactory  explanation  of  the  transverse  vortex  street. 
Calculations  based  on  an  idealized  vortex  model  suggest  that  the  sensitivity  of  the 
characteristics  of  the  flow  to  random  disturbances  superimposed  on  the  motion  of 
vortices  at  an  earlier  time  (history  effects)  is  the  main  flow  feature  responsible  for 
the  observed  cycle-to-cycle  variations. 

Though  much  has  been  done  towards  the  understanding  of  the  behavior  of  time- 
dependent  flow  about  bluff  bodies,  it  will  be  necessary  in  the  future  to  extend  the 
geometrical  shapes  and  parameters  considered,  to  use  ambient  flows  with  more  general 
time-dependence,  and  to  devise  sound  theoretical  models  by  including  the  effect  of 
viscosity,  so  that  the  consequences  of  unsteadiness  in  flow  in  aerodynamics  as  well  as 
in  other  branches  of  engineering  can  be  better  understood. 
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Fig.  8  Evolution  of  the  Transverse  Vortex  Street 
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This  paper  describes  some  of  the  hydrodynamic  facilities  of  the  National  Research  Council  in 
Ottawa  and  St.  John's,  Newfoundland.  The  NAE  water  tunnel,  in  particular,  contributed  to  the 
understanding  of  the  aerodynamics  of  various  VSTOL  concepts,  and  complex  flows  containing  strong 
elements  of  vorticity  and  unsteadiness. 

Several  projects  are  described  in  which  fundamental  flow  observations  were  made,  and  from 
which  data  was  obtained  in  support  of  theoretical  investigations. 

The  past  and  future  potential  of  several  water  facilities  of  the  NRC  for  pursuing 
aeronautical  and  marine  research  are  described. 


List  of  Symbols 


b  Fuselage  width 
Cl  Lift  coefficient 
CT  Thrust  coefficient 

Cx  Drag  or  wind  axis  coefficient 
20 

Cq  Suction  coefficient,  YS 

D  Propeller  diameter 
V 

J  Advance  Ratio, 


Q  Suction  Quantity  Cfs 

u  Induced  velocity  normal  to  flight 

v  Local  fluid  velocity 

V  Tunnel  velocity 

u  Angle  of  attack 

Z  Body  length 

r  Airfoil  circulation 

(*)  Refers  to  stable  flow  on  Zap  Flap 


1.0  INTRODUCTION 

In  the  field  of  fundamental  and  applied  fluid  dynamics,  particularly  a3  related  to  the 
optimization  of  aerodynamic  design,  the  techniques  of  flow  visualization  have  proved  useful  in 
analysing  complex*  flows  of  both  a  steady  and  unsteady  nature.  Flow  visualization,  with  the  use  of 
indicators,  wool  tufts,  smoke  and  the  like  have  been  standard  in  conventional  wind  tunnel  testing  for 
many  years.  For  research,  however,  or  in  the  discovery  of  new  flow  phenomena,  the  use  of  small  scale 
models  in  water  have  proved  invaluable  aids  to  the  imagination  and  to  the  solving  of  difficult  flow 
problems.  Water  tunnel  facilities,  usually  in  the  form  of  a  water  channel  or  water  tunnel  have  played 
an  important  part  in  aerodynamic  and  hydrodynamic  research  and  design,  from  the  earliest  work  on  the 
subject. 


The  flow  visualization  water  tunnel  at  the  NAE  provides  one  experimental  solution  to  the 
problem  of  analysing  complex  aerodynamic  flows.  By  the  use  of  flow  indicators  such  as  suspended 
aluminum  particles,  fluorescent  dye  or  hydrogen  bubbles,  it  has  been  possible  to  visualize  various 
classical  types  of  flow  resulting  from  lifting  systems,  vortices.  Jets  and  other,  more  unusual  flow 
configurations. 

The  history,  and  early  use  of  this  water  tunnel  is  somewhat  unclear,  however  it  was  designed 
and  built  at  Goettingen,  Germany,  and  used  throughout  World  War  II  as  a  research  facility  in  the 
services  of  the  German  aircraft  industry.  After  the  war  it  was  procured  by  the  National  Research 
Council  and  has  found  a  permanent  place  in  the  Low  Speed  Aerodynamics  Laboratory.  In  this  capacity,  it 
has  been  used  to  provide  a  spur  to  the  intuition  and  imagination  of  aeronautical  research,  and  has 
contributed  in  some  way  to  most  of  the  major  Canadian  aeronautical  projects,  and  also  to  many  non- 
aeronautical  problem  areas. 

Without  flow  visualization,  it  is  sometimes  hard  to  believe  that  the  theoretical  classical 
flows  can  actually  exist  In  practice*  One  such  example  is  shown  in  figure  1,  the  so-called  "Tobboggan" 
airfoil . 


Here  we  have  an  unlikely-looking  airfoil  shape,  which  by  means  of  suction,  is  able  to  contain 
a  stable  recirculating  region  whose  upper  boundary  conforms  to  a  thick  airfoil  shape.  The  flow  was  not 
only  steady,  but  on  the  basis  of  the  extreme  streamline  curvature  evident  in  the  photograph,  was 


producing  considerable  lift.  Stable  flow  turning  of  90  degrees  has  also  been  achieved.  These  types 
of  flow  are  theoretically  possible,  however  in  the  absence  of  direct  observation,  as  the  second  photo 
shows,  are  somewhat  unbelievable. 


Fig.  1  "Tobboggan"  Airfoil  with  suction 


This  paper  will  describe  several  areas  of  Aeronautical  research  in  which  the  NAE  water  tunnel 
has  played  an  important  role  in  the  development  of  aerodynamic  design  and  in  the  understanding  of  flows 
which  may  characterize  unusual  configurations.  In  some  cases,  data  were  obtained  from  an  analysis  of 
the  flow  visualization  patterns,  and  from  the  measurment  of  forces  on  the  model.  Theoretical 
comparisons  in  some  cases  provided  excellent  agreement  with  observation. 

The  utility  of  the  NAE  water  tunnel  will  be  continued  and  enhanced  by  modernization  and 
possibly  replacement,  since  it  is  now  more  than  **0  years  old.  In  addition,  however,  the  National 
Research  Council  ha3  other  hydrodynamic  facilities  located  at  the  Institute  for  Marine  Dynamics  at  St. 
John's  Newfoundland.  These  facilities,  although  used  mainly  for  marine  application,  are,  nevertheless 
appropriate  and  availabile  for  certain  types  of  aeronautical  research;  (e.g.  propellers,  fuselage 
forms).  The  facilities  of  this  institute,  and  some  aerodynamic  projects  will  be  described  in  the  final 
section  of  this  paper. 

2.0  DESCRIPTION  OF  THE  NAE  HATER  TUNNEL 

The  water  tunnel  resembles  a  conventional  closed  circuit  wind  tunnel.  It  is  constructed  of 
mild  steel  sheeting  and  contains  350  gallons  of  water.  The  working  section  component  spans  the  gap 
between  the  4  to  1  contraction  and  the  return  leg  duct.  The  working  sections  dimensions  are  -  width  10 
inches,  height  13  inches,  length  32  inches.  Glass  plates  form  the  front  and  the  bottom  sides,  while 
the  back  wall  contains  a  10.25  inch  diameter  turntable,  with  a  retaining  ring,  calibrated  in  decrees. 
Removable  plates  close  the  working  section  on  top,  thus  preventing  the  surface  disturbances  from 
reaching  the  model.  Figure  2  gives  the  general  view  of  the  facility  with  its  ancillary  equipment  and 
control  panel. 

Water  is  circulated  by  a  15  inch  diameter,  four-bladed,  propeller,  situated  In  the  return  leg 
of  the  tunnel  and  driven  by  a  6.35  hp*  240v  dc  motor.  Water  velocities  In  the  working A section  are 
infinitely  variable  from  0.2  feet  per  second  to  10  feet  per  second,  and  accurately  governed  by  means  of 
a  Ward  Leonard  motor  speed  control.  These  velocities  correspond  to  a  range  of  Reynolds  numbers  ‘per 
foot  of  1.3  x  10"  to  6.5  x  10s  at  water  temperature  of  20°C.  The  light  source,  located  below  tfce 
working  section  volume  consists  of  a  1200  watt  high  pressure  quartz  mercury  vapour  lamp.  The  light  jrs 
emitted  from  within  a  moveable  aluminum  housing  and  is  projected  upwards  through  a  lens  in  the  form  of 
a  thin  slit  of  illumination.  This  allows  both  longitudinal  and  cross  flow  planes  of  flow  to  be  viewed. 
The  alternating  current  electrical  source  results  in  a  flashing  illumination  which  leaves  a  row  of  dots 
or  dashes  when  recorded  on  a  photographic  plate. 

In  most  cases  the  models  are  mounted  internally  on  the  turntable,  with  the  angle  of  attack 
adjusted  from  the  outside.  A  sting  attachment  also  mounted  on  the  central  turntable  offers  alternative 
support.  For  dynamic  experiments  this  sting  arrangement  can  be  oscillated  in  pitch. 


3.0  AERODYNAMIC  INVESTIGATIONS 

3. 1  Circulation  control  for  airfoils  -  the  flapped  airfoil 

Early  studies  of  the  propeller-wing  configuration  for  Vertical  and  Short  Take  Off 
performance,  indicated  that  large  chord  multi-unit  flaps  were  necessary  in  order  to  achieve  appreciable 
slipstream  deflection.  The  prevailing  technology  for  these  flaps  were  thought  to  be  structurally 
difficult  and  mechanically  complicated*  and  the  use  of  a  more  simple  flap  form  with  suction  or  boundary 
layer  control  seemed  an  attractive  alternative.  One  such  simple  configuration  is  the  "Zap  Flap",  a 
trailing  edge  device  which  extends  the  effective  chord  of  the  wing  as  it  deflects. 

With  sufficient  suction  in  the  "knee"  of  the  flap  at  large  deflection  angles,  it  was  thought 
possible  to  turn  the  oncoming  flow,  and  to  keep  it  attached  on  the  reentrant  surface.  The  success  of 
the  flow  turning  experiment  of  figure  1  seems  to  confirm  this. 
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A  model  configuration  conforming  to  the  Zap  Flap  design  was  tested  in  the  NAE  water  tunnel, 
and  is  shown  in  figure  3.  The  basic  airfoil  was  an  NACA  0012,  with  a  60%  chord  flap  which  extended 
rearwards  as  It  deflected.  The  model  chord  and  span  were  7.00  and  2.00  inches  respectively.  End 
plates  were  provided.  Circulation  control  was  achieved  by  suction;  the  suction  pipe  was  positioned  in 
the  acute  angle  between  the  airfoil  and  the  flap. 


Fig.  3  NACA  0012  Airfoil  with  60%  Zap  Flap 


The  separated  region  associated  with  normal  operation  of  a  Zap  Flap  without  suction  is  shown 
in  figure  4a  at  an  angle  of  attack  of  0  deg.  and  a  flap  angle  of  30  deg.  Figure  4b  shows  the  effect  of 
suction  on  the  3ame  configuration  at  an  angle  of  attack  of  10  degrees.  A  flow  stagnation  point  now 
exists  on  the  flap’s  upper  surface.  Its  position  depends  on  tunnel  flow  velocity,  which  for  the 
constant  suction  flow  of  this  experiment,  also  determined  suction  coefficient  Cq.  Unsuccessful 
attempts  were  made  to  position  the  stagnation  point  at  the  flap  trailing  edge.  The  resulting  flow  was 
not  stable,  and  in  time  the  stagnation  point  left  the  trailing  edge,  accompanied  by  considerable 
turbulence.  Accordingly  it  was  decided  to  investigate  the  effect  of  model  incidence  and  flap  setting 
with  the  flow  stagnation  point  located  as  close  as  possible  to  the  flap  trailing  edge,  commensurate 
with  flow  stability. 

In  all  cases  of  successful  flow  deflection  and  stable  reattachment  on  the  flap,  the 
streamline  characteristics  exhibited  two  main  features.  1)  The  oncoming,  off-body  streamline  flow  is 
deflected  significantly  by  the  lifting  system  and  passes  down  stream.  2)  The  flow  ingested  by  suction 
is  separated  from  the  main  flow  by  dividing  streamlines,  and  is  always  accompanied  by  a  standing  vortex 
in  the  flap  cavity.  This  vortex  is  positioned  just  aft  of  the  suction  pipe,  and  is  the  main  mechanism 
for  turning  the  flow  (Figure  4b). 


fLOW  INGESTED 
BY  SUCTION _ 


Some  extreme  levels  of  stable  flow  deflection  were  achieved  in  this  manner,  and  Figure  4c 
shows  the  deflected  flap  at  a  60  degree  setting, with  flow  turning  over  the  upper  surface  reaching 
values  greater  than  90  degrees. 

The  method  of  flow  visualization  consisted  of  fine  aluminum  particles  suspended  in  water, 
illuminated  by  a  high  intensity  flashing  light  of  120  Hz  frequency.  This  explains  the  characteristic 
patterns  of  the  flow  photographs,  but  also  provided  a  method  of  determining  local  flow  velocity,  by 
counting  time  intervals  on  the  photgraphic  plate. 

Measurements  of  this  type  were  made  in  the  flow  surronding  the  airfoil  around  a  circuit  which 
conformed  to  upper  and  lower  streamline  boundaries,  remote  from  the  airfoil.  In  this  way,  airfoil 
circulation  was  determined  as  follows: 

r  v  Cos  8  d  t  ( 1 ) 

where  8  is  the  inclination  of  the  local  velocity  vector  to  the  elemental  length  dl.  For  airfoils  in 
a  real  fluid,  having  a  finite  wake,  or  regions  of  separated  flow,  circulation  escapes  as  vorticity,  and 
may  result  in  a  large  error. 

Notwithstanding  these  reservations,  airfoil  lift  coefficient  has  been  determined  for  various 
model  configurations.  The  accuracy  of  the  method  depends  on  the  circuit  being  taken  as  far  away  from 
the  airfoil  as  possible.  A  summary  of  airfoil  performance  Is  shown  in  Figure  5,  in  which  suction 
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coefficient  Cq*  is  plotted  against  Cl*  for  all  of  the  flap  deflections.  The  suction  required  to 
produce  high  lift  coefficients  and  large  flow  turning  for  stable  flow  reaches  very  high  levels,  as  flap 
deflection  increases.  Figure  6  shows  maximum  lift  coefficient  achieved  by  suction  for  Increasing  flap 
angle. 


The  data  achieved  in  this  way  was  useful  although  not  of  high  accuracy;  they  indicated  the 
levels  of  auction  coefficient  which  would  be  required  to  stabilize  such  a  flow,  and  to  produce  high 
lift.  The  flow  visualization  also  confirmed  the  streamline  pattern  which  had  been  predicted  by 
classical  potential  flow  methods.  Ref.  (3)  is  a  potential  flow  analysis  in  which  the  airfoil  and  split 
flap  were  represented  by  line  segments,  with  a  point  vortex  placed  in  the  cavity  between  them.  The 
Kutta  conditions  were  established  at  the  two  trailing  edges,  and  the  resulting  solution  furnished  the 
strength  of  the  vortex,  for  a  given  model  incidence  and  suction.  The  resulting  streamline 
configuration  confirmed  in  a  general  way  what  was  seen  by  flow  visualization;  however  a  computation  of 
lift  indicated  an  over-estimation,  which  was  attributed  to  the  fact  that  vortex  strength  increased  with 
incidence  (Fig.  7). 

The  potential  flow  zero  streamline  divides  the  ingested  flow  field  inside  the  cavity  into  two 
separate  regimes:  one  chiefly  controlled  by  the  action  of  the  vortex,  and  another  influenced  by  the 
sink.  This  usually  results  in  a  third  stagnation  point  on  the  interior  surface  of  the  flap,  but  which 
is  not  visible  from  the  flow  visualization  photographs.  The  analytical  model  also  does  not  include  any 
flow  separation  which  was  clearly  visible  on  the  lower  surface  of  the  wing-flap  boundary,  and  in  some 
cases  from  the  nose. 

3-2  Aerodynamics  of  Lifting  Propellers 

The  propeller  has  been  used  as  a  means  of  thrust  generation  for  many  years,  and  its  operation 
and  design  in  conventional  attitudes  is  wej.1  understood  for  high  rates  of  advance.  During  the 
transition  of  a  V/STOL  aircraft  however,  propellers  may  be  inclined  at  large  angles  relative  to  the 
flight  direction,  and  will  be  operating  at  very  low  advance  ratios.  Under  these  conditions  both  lift 
and  induced  drag  are  produced,  and  the  nature  of  the  induced  velocities  in  both  the  propeller  plane  and 
the  trailing  wake  are  three-dimensional  and  non-steady.  Distinct  regions  of  propulsive  flow  and 
vortical  flow  co-exist  and  the  resulting  final  wake  is  much  more  complex  than  for  either  a  simple 
propeller  or  a  wing. 

The  NAE  water  tunnel  was  used  to  explore  and  quantify  the  intake  flow  field  and  trailing  wake 
of  a  propeller  inclined  to  90  degrees,  and  operating  at  low  advance  ratios  in  the  "Helicopter"  mode. 
The  propeller  model  was  a  conventional  fixed  pitch,  three-bladed  design,  of  3.5  in.  diameter.  It  was 
positioned  at  the  centre  of  the  working  section,  approximately  2.5  diameters  above  floor  level.  The 
axis  of  rotation  was  vertical,  and  speed  was  controlled  by  means  of  a  small  air  turbine  (Fig.  9). 

The  investigation  covered  an  advance  ratio  range  (jjp) »  from  0.5  to  1.0.  At  very  low  advance 
ratios,  propeller  thrust,  or  in  this  case,  lift,  results  mainly  from  the  momentum  change  of  the  flow 
through  the  propeller  disc.  Thrust  will  at  first  decrease  as  flight  speed  increases,  due  to  an 
unloading  of  the  blade  elements.  As  advance  ratio  continues  to  increase  however,  lift  reaches  a 
minimum,  but  thereafter  continues  to  Increase  almost  linearly  with  speed.  At  the  same  time,  drag 
becomes  significant  and  also  continues  to  increase  with  speed.  These  increases  of  lift  and  drag  are 
coincident  with  the  appearance  of  wake  trailing  vortices  and  with  the  alteration  of  inflow  velocities 
at  the  propeller  plane.  Figure  9  shows  the  variation  of  lift  and  drag  with  advance  ratio  for  a 
propeller  inclined  90  degrees  to  the  flow. 

It  was  the  purpose  of  this  flow  visualization  study  to  focus  in  on  the  vortical  nature  of 
these  wake  flows,  and  also  the  velocity  distributions  which  they  induce  at  the  propeller. 

Velocities  were  Inferred  by  counting  the  time  intervals  of  the  illuminated  aluminum 
particles.  While  this  method  is  satisfactory  for  two-dimensional  flow,  they  are  thought  to  be  least 
accurate  in  the  propeller  inflow,  where  local  velocities  were  high,  and  where  flow  was  curved;  and  also 
in  the  rolled-up  wake,  where  the  flow  is  three-dimensional. 

Flow  at  the  propeller  plane 

The  onset  of  forward  speed  has  been  shown  to  produce  changes  in  propeller  lift  and  drag; 
large  changes  are  also  evident  in  the  magnitude  and  distribution  of  the  induced  velocities  at  the 
intake  plane.  The  fluid  approaching  the  edges  of  the  propeller  is  first  subjected  to  an  upwash  and 
then  a  downwash  as  it  passes  through  the  propeller  plane.  The  fluid  above  the  retreating  blades  has  a 
small  component  of  induced  velocity,  whereas  that  above  the  advancing  blade  side  is  deflected  almost 
normal  to  the  propeller  plane  (Figure  10). 

Figure  11a  shows  the  general  flow  field  above  and  upstream  of  the  propeller  plane,  visualized 
using  fluorescent  dye.  The  advancing  side  is  to  the  viewers*  right.  It  is  evident  in  this  view  that  a 
large  sidewash  or  lateral  inflow  exists  over  the  forward  portions  of  the  propeller  plane. 

Figure  11b  shows  the  filaments  originating  from  a  position  slightly  below  the  propeller 
plane.  The  two  inner  filaments  are  deflected  outwards  along  the  spanwise  axis,  before  being  dispersed 
by  the  passage  of  the  propeller  blades.  The  outer  filaments,  however,  show  that  fluid  which  does  not 
immediately  pass  through  the  propeller  is  subjected  to  a  rotating  motion  at  the  edges  of  the  disc, 
which  brings  fluid  above  the  propeller  plane;  this  fluid  then  passes  through  the  propeller  into  the 
slipstream. 

The  normal  induced  veloc^y  component  inferred  from  the  photographic  plates,  is  shown  in 
Figure  12  for  an  advance  ratio,  ^  =  .56.  The  contours  indicate  that  the  highest  normal  induced 
velocities  occur  on  the  advancing  side  of  the  propeller  plane.  This  is  also  reflected  in  the 
longitudinal  variations  of  of  Figure  13,  measured  in  three  representative  longitudinal  planes 


A 


4 


J»v 


7-5 


through  the  disc  for  an  advance  ratio  of  0.56.  These  graphs  indicate  an  upwash  ahead  of  the  disc,  a 
high  downwash  over  the  rear  portion  of  the  disc,  and  a  nearly  constant  dovmwash  in  the  trailing  wake. 

Flow  in  the  Trailing  Wake 

In  this  experiment,  vortex-like  motions,  originating  from  advancing  and  retreating  portions 
of  the  propeller  disc,  were  observed  when  viewed  from  a  cross  flow  plane  behind  the  rotor.  The 
vortices  appeared  to  be  of  different  sense  and  strength;  the  vortex  with  the  larger  angular  rotation 
was  associated  with  flow  from  the  advancing  blade  side.  The  vortex  was  also  displaced  lower  than  that 
from  the  retreating  blade  side,  due  probably  to  the  higher  average  downwash  through  that  side  of  the 
propeller  plane. 

In  some  respects,  this  trailing  vortex  flow  is  similar  to  that  behind  a  conventional  or 
slender  finite  wing;  an  observation  which  has  been  made  before  with  regard  to  helicopter  wakes 
(Ref.  11).  In  the  present  case,  however,  at  stations  further  downstream,  there  was  evidence  of  a 
third,  smaller  vortex  lying  close  to  the  vortex  from  the  advancing  side,  but  rotating  in  the  opposite 
3ense,  and  located  on  the  advancing  side  of  the  flow.  Figure  (14)  is  a  photograph  of  a  plane  1.5 
diameters  behind  the  propeller,  which  shows  three  areas  of  concentrated  vorticity  (J=0.56). 

A  quantitative  explanation  for  this  flow  is  shown  schematically  in  figure  (15).  lne  siugle- 
bladed  rotor  advances  with  velocity  V  and  rotates  with  angular  velocity  .  The  advance  ratio  and  mean 
wake  deflection  corresponds  to  figure  (11)  approximately.  The  trailing  wake  consists  of  vortex 
filaments  of  variable  strength,  shed  from  both  the  tip  and  root  portions  of  the  blade.  Since  the  move 
with  the  fluid,  the  wake  consists  of  continuous  loops  and  sinuous  filaments  which  move  past  a  fixed 
observer. 


The  sense  or  d^i  ection  of  rotation  of  the  induced  flow  is  indicated  on  the  diagram,  and  it 
can  be  seen  that  relative  to  the  blade,  there  has  been  no  change  in  the  direction  of  the  induced  motion 
from  advancing  to  retreating  side;  conlinuous  filaments  are  produced,  varying  only  in  strength. 

The  observer,  positioned  downstream,  sees  different  portions  of  the  same  filament,  and  the 
fluid  on  the  retreating  side  appears  to  be  rotating  in  the  opposite  direction  to  that  on  the  advancing 
side.  The  central  filament,  originating  near  the  hub,  forms  a  third  area  of  fluid  motion  similar  to 
that  seen  in  Figure  15. 

Calculations  of  Propeller  Wake  Vortex  Flow 

Using  a  relatively  simple  theoretical  model,  calculations  have  been  made  by  the  cross-flow 
streamline  pattern  in  which  the  third  area  of  vorticity  is  represented.  The  model  consists  of  a 
rectangular  array  of  horseshoe  vortices  which  lie  in  the  rotor  plane,  and  which  induce  downwash 
velocities  in  the  retreating  and  advancing  portions  of  the  disc.  The  trailing  arms  of  the  vortices 
stream  from  the  advancing  and  retreating  edges  of  the  array,  and  also  from  the  central  position.  If 
measured  downwash  values  are  specified  at  locations  on  the  lattice,  then  the  calculation  furnishes 
lift,  rolling  moment,  and  vortex  strength.  If  the  deflection  of  the  trailing  arras  are  computed 
downwind  of  the  rotor,  then  cross  flow  streamlines  of  the  equivalent  potential  flow  can  be  computed. 
This  type  of  calculation  is  shown  In  figure  (16)  for  a  rotor  advance  ratio  of  0.56;  these  streamlines 
can  be  compared  with  Figure  14.  Measured  downwash  contours  of  jj-  are  shown  in  (16c). 

3.3  Vortex  Separations  from  Upswept  Fuselage  Shapes 

A  wake,  composed  of  clearly  defined  vortices,  similar  to  those  shed  behind  slender  lifting 
bodies,  or  wings,  is  known  to  exist  behind  aircraft  whose  fuselages  are  highly  cambered  or  swept  up  to 
accomodate  rear-loading  cargo  doors. 


soounc  UUtfflNG  OF  FLOW  SCPWUTlON  a  VOftT'X  SHE  DOING  FROM  A  REAR- LOADING  FUSELAGE 

It  has  been  suggested  that  the  vortex  wake  may  be  the  cause  of  certain  undesirable  flight 
characteristics,  such  as  the  deterioration  of  handling  characteristics  at  low  speeds,  and  an  increase 
in  cruising  drag.  The  former  effect  is  thought  to  be  due  to  an  alteration  of  fuselage  longitudinal 
pressures  and  stability  due  to  the  lateral  movement  of  the  vortex  cores  during  gusty  crosswind  landing 
approaches.  The  problem  was  under  investigation  by  DeHavilland  during  the  development  of  their  Caribou 
and  Buffalo  aircraft.  Further  investigations  of  fuselage  aerodynamics,  with  particular  regard  with 
vortex  separation,  Interference  and  cross-coupling  were  addressed  in  Reference  (7). 
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In  moat  of  these  investigations,  the  NAE  water  tunnel  provided  the  initial  understanding  of 
separation,  rollup  and  movement  of  the  vortex  wake,  on  fuselage  forms  typical  of  current  transport 
aircraft. 

The  model,  which  was  a  1/72  scale  representation  of  a  DeHavilland  design,  is  shown  in 
figure  (17)).  Fluorescent  dye,  which  wa3  emitted  from  the  interior  at  various  locations  along  the 
fuselage,  was  used  to  visualize  the  vortices.  The  Reynolds  number  was  5000-7000  based  on  fuselage 
length.  For  higher  tunnel  speeds  (Re  *  87000),  aluminum  particles  were  used. 

The  vortex  separations  for  the  lower,  upswept  portion  of  the  fuselage  produced  a  very  clear 
image  of  the  rotational  nature  of  the  separated,  rolled  up  wake,  as  figure  (18)  shows.  In  cross- 
section;  the  two  vortices  lie  below  the  fuselage  lower  surface,  and  the  dye  filaments  exhibit  a  typical 
rolled-up  appearance. 

The  location  of  the  vortex  core  relative  to  the  after  fuselage  mean  line  can  be  determined 
from  flow  photographs  for  various  angles  of  attack  and  Reynolds  number.  In  general,  the  vortex  core  is 
inclined  at  half  the  local  fuselage  Incidence;  thus  conforming  with  similar  observation  made  on  slender 
wing  configurations. 

The  development  of  the  separated  fuselage  flows  commences  with  the  separation  of  the  boundary 
layer  on  the  bottom  of  the  after-fuselage.  Figure  18  shows  the  gradual  development  of  three- 
dimensional  separation  lines  and  vortex  shedding  on  the  bottom  of  the  fuselage  at  an  angles  of  attack 
of  2.  As  the  inner  boundary  layer  filaments  gradually  deform,  the  separation  lines  become  more 
pronounced,  and  the  vortex  cores  began  to  exhibit  their  characteristic  spiral  formation. 

The  location  of  vortex  cores  beneath  the  fuselage  was  affected  not  only  by  fuselage 
incidence,  but  also  by  yaw*  On  the  windward  side,  the  windward  vortex  moved  only  slightly,  and 
remained  in  the  vicinity  of  the  fuselage  bottom.  The  leeward  vortex  however,  moves  relatively  further 
away  from  the  fuselage  after  body. 

The  loci  of  vortex  cores,  for  two  Reynolds  Numbers  is  shown  in  Figure  19  for  constant  yaw. 
Various  methods  were  tried  in  an  attempt  to  control  and  possibly  limit  the  vortex  movement.  Strakes 
were  placed  along  the  longitudinal  chines  of  the  after  fuselage.  The  main  result  of  the  strakes  at 
zero  yaw  was  to  restrict  the  vertical  movement  of  the  vortex  core  with  incidence.  The  lateral  location 
relative  to  the  model  centreline  was  unchanged.  The  effect  of  adding  stakes  on  the  general  motion  of 
the  vortices  with  both  incidence  and  yaw  is  shown  by  the  cross  flow  evelopes  of  figure  20b  and  20c.  At 
low  Reynolds  Numbers,  the  strake  changes  the  vortex  movement  boundaries  considerably,  by  fixing  a 
definite  separation  line  and  altering  the  shedding  of  vorticity.  At  the  higher  Reynolds  Number  87000, 
the  vortex  movement  region  is  much  smaller,  and  notrauch  affected  by  the  presence  of  strakes. 

A  second  method  of  vortex  alteration  was  by  the  use  of  suction  along  the  bottom  centreline  of 
the  after  fuselage.  This  provided  an  effective  means  of  weakening  the  separated  vortices,  while 
encouraging  the  flow  to  remain  attached  for  most  of  the  incidence  range.  Reference  (9)  shows  loci  of 
vortex  equilibium  positions  in  the  vicinty  of  a  cylinder  with  suction  or  blowing  at  the  rear  stagnation 
point.  Corresponding  streamlines  and  cylinder  pressure  distributions  are  also  computed.  In  general, 
suction  causes  the  vortices  and  their  momentum  stream  tube  to  approach  the  cylinder,  while  blowing 
tends  to  cause  detachment,  and  movement  away  from  the  cylinder.  The  flow  visualization  photograph 
shows  vortex  streamlines  in  the  cross  flow  of  a  circular  cylinder  with  suction  on  the  lee  side 
(Figure  21). 

3.*  Porebody  Vortices  on  Oscillating  Configurations 

The  formation  and  shedding  of  forebody  vortices  on  an  aircraft  configuration  flying  at  a 
moderate  angle  of  attack  is  well  documented.  As  the  angle  of  attack  increases,  these  vortices  become 
asymmetrical,  even  if  the  aircraft  continues  flying  into  the  wind  (i.e.  has  zero  sideslip).  This  gi  es 
rise  to  non-zero  lateral  forces  and  moments. 

On  a  configuration  performing  an  oscillation  in  pitch  around  an  angle  of  attack  close  to  the 
onset  of  asymmetry,  the  forebody  vortices  oscillate  to  and  from  between  their  symmetrical  and 
asymmetrical  positions.  The  aerodynamic  reactions  are  therefore  a  function  of  the  motion  of  the 
vortices  and  can  be  described  in  the  form  of  stability  derivatives. 

Because  of  the  time  lag  between  the  motion  of  the  vortices  and  the  motion  of  the 
configuration  of  the  aerodynamic  reactions  have  components  that  are  in  phase  as  well  as  out  of  phase 
with  the  motion  of  the  configuration.  The  resulting  stability  derivative  will  therefore  comprise  both 
static  and  dynamic  derivatives.  The  derivative  of  lateral  aerodynamic  reactions  due  to  a  motion  in  a 
longitudinal  plane  (such  as  pitching)  represent  cross-coupling  effects. 

Figure  (22)  shows  the  pattern  of  vortices  emanating  from  the  nose  cone  of  a  slender  cone-wing 
configuration  oscillating  in  pitch.  The  spiral  formation  of  the  dye  filaments  indicate  that  the 
vortices  are  rolling  up  into  concentrated  cores,  and  are  symmetrically  placed  relative  to  the  model 
centre  line.  At  a  certain  critical  angle  of  attack  «a,  depending  on  the  rodel  reduced  frequency  a 
definite  and  sudden  assyraetry  occurs  in  which  both  vortex  cores  are  displaced  to  one  side  of  the  model 
centre  line.  This  is  Illustrated  in  Figure  22b,  in  which  the  model  is  pitching  slowly  to  a  maximum 
angle  of  degrees.  As  the  model  completes  its  pitch  cycle  and  begins  its  downward  travel,  the  vortex 
cores  return  to  symmetry,  but  the  angle  of  attack  «3  at  which  this  occurs  is  considerably  less  than  for 
aa.  Figure  23  shows  observations  of  the  differences  in  angle  of  attack  for  the  onset  of  assymetry 
aa,  and  for  the  return  to  symmetry  «3  for  a  model  oscillating  in  pitch.  The  phase  lag  depends  strongly 
on  reduced  frequency;  the  rate  of  convection  of  the  vortices  are  approximately  0.6  -  0.7  of  free  stream 
velocity. 


At  the  highest  end  of  the  reduced  frequency  range,  Figure  23  illustrates  just  the  beginning 
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of  the  expected  cyclical  variation  with  reduced  frequency!  of  aa  and  a3;  for  a  particular  consi tudinal 
location,  and  a  particular  reduced  frequency  there  will  be  a  point  where  the  flow  will  be  lagging  by 
one  or  more  full  oscillation  cycles,  making  it  similar  to  that  of  the  cycle  before. 

It  has  also  been  confirmed  by  tunnel  experiments  that  it  is  indeed  possible  to  control  the 
direction  of  the  vortex  asymmetry  by  the  use  of  blowing  or  mechanical  disturbance  near  the  nose  of  the 
model. 


A  more  appropriate  presentation  of  these  phenomena  is  available  in  the  form  of  a  cine  film 
showing  asymmetric  motions  of  the  vortex  cores  and  clearly  indicating  the  effects  of  the  time  lag. 

4.0  THE  INSTITUTE  FOR  MARINE  DYNAMICS 

The  Institute  of  Marine  Dynamics,  now  located  at  St.  John's,  Newfoundland,  stemmed  from  the 
Marine  Dynamics  and  Ship  Laboratory  in  Ottawa. 

IMD  is  a  National  Facility  which  carries  out  research  in  response  to  the  needs  of  the  ship 
building  and  off  shore  industries  across  Canada.  The  research  programs  are  developed  in  close 
cooperation  with  representatives  of  Industry  and  Government  agencies  such  as  Transport  Canada.  Its 
location  in  St.  John's  puts  it  at  the  centre  of  important  marine  oriented  research  and  educational 
organizations.  IMD  also  has  close  ties  with  other  divisions  of  NRC  such  as  the  NAE. 

IMD  ranks  as  one  of  the  world's  largest  hydrodynamic  research  Institute.  Its  laboratories 
include  an  ice  tank,  seakeeping  and  manouvering  tank,  towing  tank,  cavitation  tunnel  and  assoicated 
workshops  for  the  manufacture  of  models  and  their  instrumentation.  Specifications  of  these  facilities 
are  listed  in  Table  I. 

Ice  Tank 


The  large  scale  ice  tank,  located  in  a  refrigerated  building  allows  the  simulation  of  ship 
passage  through  a  simulated  Arctic  Environment.  Sensors  mounted  on  the  model  or  on  the  towing  carriage 
spanning  the  tank,  measure  the  ice-going  properties  of  various  designs. 

Seakeeping  Tank 

The  seakeeping  tank  is  equipped  with  a  sophisticated  wave-making  system,  to  simulate  the 
multi-directional  waves  found  in  nature.  Large  scale  models  of  structures  may  be  moored  or  self- 
propelled  under  radio  control  and  their  motions  measured  by  an  optical  tracking  system.  Research 
carried  out  in  this  facility  includes  the  verification  of  ti.e  benaviour  of  a  semi-suomersible  platform 
under  extreme  environmental  conditions,  and  studies  of  seakeeping  capabilities  of  ships  in  oblique 
waves. 


Towing  Tank 

The  towing  tank  at  IMD  is  used  for  research  into  ship  resistance,  propulsion  and  seakeeping. 
Tests  carried  out  include  resistance  measurements,  flow  visualization  and  wake  surveys,  measurements  of 
propulsive  power  and  seakeeping  in  head  or  following  waves. 

Cavitation  Tunnel 


The  cavitation  water  tunnel,  whose  specifications  are  listed  in  Table  I  has  been  used  to 
study  the  relationship  between  propeller  design  and  cavitation,  the  generation  of  noise  by  cavitation 
and  the  effects  of  cavitation  on  appendages  such  as  stabilizer  fins. 

The  cavitation  tunnel  played  an  Important  part  in  the  design  of  an  under  water  towed  body.  A 
shape,  including  the  design  of  stabalizing  fins  was  evalued  which  satisfied  the  requirements  of  static 
and  dynamic  stability  in  pitch,  and  appropriate  towing  forces.  Water  tunnel  tests  of  various 
combinations  of  fin  design  on  a  streamline  Kod«  provided  initial  *»v-iluation  of  the  static  stability. 

A  computer  simulation  of  the  motion  of  the  towed  body  and  cable  was  performed  to  solve  the 
coupled  heave  and  pitch  equations,  using  water  tunnel  data.  The  results  predicted  heavily  damped  pitch 
motion  at  all  speeds  with  pitch  damping  increasing  as  towing  speed  increased.  The  simulation  also 
provided  steady-state  towing  forces,  and  showed  the  effect  of  the  cable  on  body  motion. 

This  work  was  followed  by  tests,  in  the  towing  tank,  in  which  drag  and  static  derivatives 
were  measured.  Dynamic  derivatives  were  also  determined. 

The  final  full  scale  tests  of  the  towed  body  were  made  in  calm  water;  both  the  towing 
platform  and  the  model  were  gyro-stabilized,  and  measurements  were  made  of  the  three  components  of 
acceleration  and  angular  displacement. 

The  conclusions  of  this  development  program  showed  that'  the  design  met  all  of  the 
hydrodynamic  requirements,  the  dynamic  response  was  especially  good,  the  tracking  in  severe  ship 
manoeuvres  .  is  excellent,  steady  towing  took  place  at  predicted  depths,  and  the  agreement  between 
predictions  fased  on  the  model  testa  and  the  full-scale  sea  trial  measurements  were  most  satisfactory. 

Future  plans  for  the  new  laboratory  in  St.  John's  include  the  installation  of  a  planar  motion 
mechanism  on  the  200  m  long  7  m  deep  Clearwater  Towing  Tank  for  use  in  submarine  motion  experiments. 
The  Water  Tunnel  will  continue  to  be  used  for  flow  visualization  work.  A  large  Wind  Generator  is  being 
designed  to  produce  the  vertical  variation  of  atmospheric  winds  over  a  water  surface,  including  the 
presence  of  wind  gus-s  and  their  spectral  distribution  of  energy.  The  Wind  Generator  will  be  used  with 
the  Clearwater  Towing  Tank  and  the  Wave  Basin  primarily  for  tests  on  offshore  structures.  The  Variable 
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Density  Wind  Tunnel  will  be  used  for  the  further  development  of  hot film  anemometers  and  flow  direction 
probes. 

5.0  CONCLUSIONS 

This  paper  has  described  the  aerodynamic  and  hydrodynamic  facilities  of  the  National 
Aeronautical  Establishment  and  the  Marine  Dynamics  Institute  of  the  NRC.  Results  have  been  presented 
of  Investigations  of  various  aerodynamic  configurations  which  were  related  to  the  development  of 
Canadian  aircraft  or  useful  to  the  development  of  marine  technology. 

The  aerodynamics  projects  described  in  this  paper  contributed  in  their  time,  significantly  to 
the  discovery  and  understanding  of  complex  V/Stol  and  vortex  flow  phenomena.  In  the  current  context 
however,  they  are  mainly  of  historical  interest,  while  demonstrating  the  utilization  of  a  water 
facility  to  its  maximum  extent. 

The  NAE  water  tunnel  is  currently  continuing  to  contribute  to  aerodynamic  knowledge  in  both 
the  aeronautical  and  industrial  aerodynamic  fields.  The  projects  investigated  range  from  the  dynamic 
stall  characteristics  of  Wind  Turbine  blade  sections,  aerodynamic  flow  over  spray  nozzles  and  booms  for 
aerial  pest  cor^rol,  to  the  investigation  of  separated  flows  on  wing-nacelle  configurations  typical  of 
current  propeller-driven  aircraft. 

It  is  obvious  that  water  tunnel  facilities  will  continue  to  be  significant  in  the  preliminary 
design  and  development  of  new  aerodynamic  concepts  and  techniques.  The  use  of  new  technologies, 
measurement  methods  and  computer-aided  analysis  will  advance  both  hydrodynamic  research  and  aerodynamic 
research.  The  ultimate  aim  would  be  to  develop  both  facilities  and  methods  to  the  stage  where  an 
interchange  of  marine  and  aeronautical  skills  could  be  mutually  beneficial. 
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TABLE  I 


Ice  Tank  90  m  x  12  m  x  3  m 

Maximum  Ice  thickness  15  cm 
Towing  carriage  maximum  speed 
4  m/s 


Seakeeping  Tank  75  m  x  32  m  x  3.5 

(depth  variable  to  0.4  m) 
Multi-element  wavemaker  for 
long  or  short-crested  regular 
or  Irregular  waves 


Towing  Tank  200  m  x  12  m  x  7  m 

Towing  carriage  maximum  speed 
10  m/s 

Wavemaker  for  regular  or 
irregular  waves 


Cavitation  Tunnel  Working  section  2.5  m  x  0.5  m 
x  0.5  m 

Maximum  flow  speed  12  m/s 


IH  OTTAWA 

Towing  Tank  137mx7.6mx3m 

Maximum  carriage  speed  12  m/s 
Wavemaker  for  regular  waves 

Maneuvering  Basin  122  m  x  61  m  x  3  m 

Wavemaker  for  regular  waves 
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FIGURE  (2)  RATIONAL  AERONAUTICAL  ESTABLISHMENT'S  WATER  TUNNEL 


FIGURB  (6)  MAXIMUM  LIFT  COEFFICIENT  FOR  ZAP  FLAP  AIRFOIL 


FIGURE  (8)  PROPELLER  MODEL 


FIGURE  (9)  VARIATION  OF  PROPELLER  LIFT  AND  DRAG  WITH  ADVANCE  RATIO 


PIGORE  (10a)  PROPELLER  INFLOW  RETREATING  BLADE  =  0.56 


FIGURE  (106)  PROPELLER  INFLOW  ADVANCING  BLADE  5=;  =  0.56 


FIGURE  OR)  FLOW  IN  THE  TRAILING  HARE,  SHOWING  THREE  AREAS  OF  VORTICITT 


FIGURE  (15)  SCHEMATIC  DRAWING  OF  THE  WAKE  FROM  A  SINGLE-BLADED  PROPELLER 


FIGURE  (16a)  THEORETICAL  MODEL  FOR  THE  VORTEX  WAKE  DOWNSTREAM  OF  A  LIFTING  PROPELLER 
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FIGURE  21  VORTEX  EQUILIBRIUM  POSITIONS  IN  THE  VICINITY  OF  THE  CYLINOER 
SUCTION  OR  BLOWING  AT  THE  REAR  STAGNATION  POINT 


PRESENTATION  D'UN  BASSIN  HYDRODYNAMIQUE 


ETUDE  D'UN  MISSILE  AUX  GRANDES  INCIDENCES 

par  J.  PERINELLE  et  A.  LUPIERI 
S.A.  MATRA  Service  Aerodynamique 
B.P.  n°  1  78140  VELIZY  (France) 

RESUME 


Nous  presentons,  en  premier  lieu,  le  bassin  hydrodynamique  qui  est  une  installation  oriqinale 
dans  laquelle  se  font  des  essais  en  pesees  et  en  visualisation  d'ecoulements  sur  des  missiles  en  etude 
ou  des  recherches  appliquees.  Pour  valider  la  technique  d'essais,  des  comparaisons  entre  des  resultats 
d'essais  de  soufflerie  et  du  bassin  hydrodynamique  sont  produites  dans  quelques  cas  caracteristiques .  En 
visualisation,  l'Gclatement  des  tourbillons  sur  une  aile  delta  en  incidence  fait  aussi  l'objet  de  recou- 
pement  avec  des  resultats  fournis  par  d'autres  constructeurs . 

En  second  lieu,  nous  nous  interessons  aux  caracte;  istiques  d'un  missile  en  configuration 
partielle  dans  le  domaine  des  grandes  incidences,  en  subsonique.  Deux  aspects  retiennent  notre  attention 

-  tout  d'abord  l'apparition  des  phenomenes  en  lateral  au  dela  d'une  certaine  incidence  avec 
la  correlation  essais  pesees  (soufflerie  et  bassin  hydrodynamique)  -  visualisation  d'ecoule¬ 
ments, 

-  ensuite,  faisant  appel  a  des  resultats  d'essais  en  soufflerie,  ou  une  aile  du  missile  est 
pesee  en  presence  du  fuselage  et  les  trois  autres  ailes,  nous  faisons  une  nouvelle  correla¬ 
tion  pesees  -  visualisation  ;  el  1 e  met  en  evidence  la  forte  dependance  de  la  portance  d'une 
aile,  de  $a  position  en  roulis  sur  le  missile. 


ABSTRACT 

A  presentation  is  made  first  of  the  water  tank  facility  of  MATRA  in  which mesurements  with  a 
balance  and  visualizations  are  done  to  study  the  flows  past  missiles  or  perform  other  types  of  applied 
research.  To  assess  the  experimental  techniques  used,  comparisons  with  wind  tunnel  results  are  shown 
for  some  typical  situations.  In  term  of  visualizations,  the  phenomena  of  vortex  breakdown  on  a  delta 
wing  at  incidence  is  checked  against  other  installation. 

Secondly,  the  characteristics  of  a  simplified  missile  configuration  are  considered  in  subsonic 
flow  at  large  incidences.  Emphasis  is  put  on  two  aspects  : 

-  the  occurence  of  side  forces  for  angles  of  attack  beyound  a  certain  value,  and  how  it  is 
possible  to  correlate  wind  tunnel  tests  with  the  visualization  of  such  flows, 

-  and,  using  wind  tunnel  data  obtained  with  an  instrumented  model  with  a  wing  mounted  on  a 
balance  in  presence  of  the  three  other  wings  fixed  to  the  body,  a  new  correlation  between  mesurements 
and  visualization  is  made.  It  indicates  the  strong  dependancy  of  the  wing  lift  with  its  roll  angle 
attitude  on  the  missile. 

A  -  PRESENTATION  D'UN  BASSIN  HYDRODYNAMIQUE 

His tori que 


La  premiere  installation  hydrodynamique  que  nous  avons  exploits  a  ete  construite  en  1967, 
epoque  &  laquelle  notre  society  s'est  engagee  dans  la  competition  automobile.  Plusieurs  equipes  ont  ete 
sollicitees  dans  leur  discipline  pour  participer  au  programme,  parmi  el les  l'equipe  aerodynamique.  Nous 
n'avions  pas  ou  peu  d'experience  en  ce  domaine  ;  notre  premier  souci  a  ete  de  definir  un  moyen  d' etude 
pour  repondre  efficacement  et  dans  les  meilleurs  deiais  a  la  demande  qui  nous  etait  faite.  C'est  en 
grande  partie  sur  un  moyen  experimental  que  nous  avons  pense  appuyer  les  etudes  de  voiture.  Le  cas 
particular  des  vehicules  routlers  a  oriente  notre  choix  sur  les  criteres  suivants  : 

-  le  moyen  d'essais  doit  respecter  les  mouvements  relatifs  du  v*hicule  par  rapport  au  sol, 
avec  la  rotation  des  roues.  S'aglssant  de  vehicules  tres  rapides,  la  securlte,  le  comporte- 
ment  routier  demandent  une  connaissance  precise  des  charges  ramenees  aux  trains  avant  et 
arriere  :  leur  mesure  doit  se  faire  dans  des  conditions  realistes. 


-  possibility  de  faire  des  visualisations  spatiales  d'ecoulements ,  sans  se  limiter  aux  seules 
visualisations  parietales, 

-  Douvoir  disDOser  d’un  moven  d'essais  autonome,  de  mise  en  oeuvre  rapide,  utilisant  des 
maquettes  b  echelle  reduite  qui  se  prettent  b  oes  modifications  aisles,  sur  le  site  d'essais. 
L'aspect  discretion  qui  entoure  generalement  les  essais  d'automobiles  doit  etre  pris  en  compte. 

La  premiere  installation  -  construction  originale  -  etait  un  bassin  hydrodynamique  constitue  d'une 
cuve  a  eau  de  10  metres  de  long  et  de  section  carree,  lxl  metre  a  surface  libre.  La  maquette  du  vehicule 
a  etudier,  maintenue  rigidement  par  un  dard  -  balance  en  montage  aval,  etait  deplacee  ses  roues  en  contact 
avec  le  sol  en  respectant  la  garde  au  sol  et  l'assiette  nominales.  Les  mouvements  relatifs  decrits 
ci-dessus  etaient  correctement  respectes  :  fluide  au  repos,  sol  immobile,  deplacement  de  la  maquette  avec 
rotation  de  ses  roues  en  contact  avec  le  sol. 

II  est  apparu  par  la  suite  que  1 ' installation  pouvait  etre  aussi  utilisee  dans  des  applications 
plus  centrSes  sur  nos  activites  traditionnelles ,  c'est-a-dire  1 'etude  des  missiles  et  armements  convention- 
nels.  Son  interet  general  confirme,  elle  connOt  par  la  suite  de  nombreuses  evolutions  et  ameliorations. 

Une  autre  installation  a  remplace  la  premiere  en  1979  a  1 ‘occasion  d'un  deplacement  geographique 
du  laboratoire.  L'experience  acquise  a  ete  repercutee  dans  la  conception  de  ce  nouveau  bassin  mieux  adapte 
pour  r£pondre  aux  besoins  qui  avaient  evolue.  Aujourd'hui,  c'est  un  banc  d'essais  a  caractere  industriel  ; 
la  plupart  des  travaux  qui  s'y  deroulent  sont  des  essais  sur  des  produits  en  projet  ou  en  developpement. 
Nous  y  faisons  des  etudes  de  recherche  appliquee  d' interet  general  pour  1' ensemble  de  l'aerodynamique  des 
missiles.  Ces  activites  viennent  en  complement  aux  essais  en  soufflerie.  Les  resultats  representent  le 
domaine  incompressible. 

DESCRIPTION  DU  BASSIN  HYDRODYNAMIQUE  (Fig.  n°  1,  planche  1) 

Le  bassin  est  une  cuve  a  surface  libre  dans  laquelle  l'eau  est  au  repos,  c'est  la  maquette  a 
etudier  qui  se  deplace  maintenue  dans  son  attitude  d'essai  sous  un  chariot  aerien. 

Les  dimensions  interieures  de  la  cuve  sont  12  metres  pour  la  longueur,  1  metre  pour  la  largeur 
et  1,2  metre  pour  la  profondeur.  Les  deux  extremites  et  une  surface  laterale  sont  vitrees  pour  1 'obser¬ 
vation  visuelle,  l'eclairage  et  la  prise  de  vues  au  cours  de  visualisations.  L'axe  longitudinal  de  la  cuve 
est  b  hauteur  d'yeux.  L'eau  provient  d'alimentation  generale  ;  elle  est  a  la  temperature  ambiante  du 
bStiment.  Une  station  de  filtrage  autonome  donne  a  leau  une  limpidite  propice  a  1 'observation  tout  en 
limitant  dans  le  temps  les  developpements  de  mousses  sur  les  parois.  Elle  peut  etre  stockee  plusieurs  mois 
entre  deux  vidanges. 

Les  equipements  rentrent  dans  deux  categories  distinctes  selon  leur  utilisation  pour  les  essais 
de  pesees  ou  les  essais  de  visualisation. 

1  -  Les  equipements  pour  les  pesees 

1.1.  Le_chariot 

C'est  un  chariot  aerien  coulissant  sur  deux  glissieres  sur  toute  la  longueur  du  bassin  qui 
maintient  la  maquette  dans  l'eau  dans  son  attitude  d'essai.  Le  chariot  est  une  plateforme  tres  rigide 
qui  peut  etre  consideree  comme  indeformable  sous  les  charges  hydrodynamiques  qui  apparaissent  sur  la 
maquette  pendant  son  deplacement.  Le  guidage  en  translation  est  particul ierement  soigne,  avec  jeu  reduit 
exempt  de  vibration.  C'est  un  moteur-reducteur,  a  une  extremity  du  bassin,  qui  met  en  mouvement  le 
chariot  par  1 ' intermediaire  d'une  courroie  crantee. 

En  marche  avant,  la  vitesse  est  asservie  :  partant  de  1 'arret,  le  chariot  est  uniformement 
acceiere  jusqu'a  la  vitesse  nominale  d'essai  ;  elle  est  maintenue  constante  sur  une  distance  de  6  a  7 
metres,  plage  sur  laquelle  se  fait  1 'acquisition  des  mesures  ;  au-de!3  le  chariot  est  uniformement 
decelere  jusqu'a  1 'arret.  En  marche  arriere  pour  revenir  au  point  de  depart,  la  vitesse  est  reduite  ; 
c'est  un  deplacement  qui  ramene  le  chariot  a  1‘ extremity  du  bassin  avant  d'engager  1'essai  suivant. 

1.2.  Le_di sposi ti f_de_mi se_en_i ncidence 

Sur  le  chariot,  prend  place  un  dispositif  de  reglage  de  1‘ attitude  maquette  :  par  deux  mou¬ 
vements  combines  -  une  rotation  et  une  translation  -  il  regie  1 'incidence  de  la  maquette  et  la  maintient 
sensiblement  sur  l'axe  de  la  cuve  a  egale  distance  du  fond  et  de  la  surface  libre.  L' incidence  apparait 
dans  le  plan  vertical.  La  maquette  est  tenue  au  culot  par  un  dard  -  balance  selon  un  montage  classique 
de  soufflerie.  Entre  le  bras  plongeur,  sous  le  chariot  et  le  dard  balance  s'intercale  un  dispositif  de 
mise  en  roulis  (rotation  de  la  maquette  autour  de  son  axe).  Les  trois  degres  de  liberte  decrits  ci-dessus 
sont  motorises  avec  telecommande  ;  les  deux  rotations  -  incidence  et  roulis  -  sont  mesurees  par  des 
capteurs  avec  recopie  sur  la  baie  de  mesure.  Ainsi,  1'operateur  a,  en  essais,  a  partir  des  dispositifs 
embarques  sur  le  chariot  aerien  les  noyens  pour  regler  en  telecommande  1 'incidence,  le  roulis  de  la 
maquette  et  sa  position  sensiblement  axiale  dans  la  cuve  avec  1'affichage  numerique  des  valeurs  d' angles 
a  la  baie  de  servitude. 


1.3.  Lescagteurs 

Les  balances  -  dard  de  mesures  b  jauges  de  contrainte  sont  monobloc  et  mul ticomposantes  (4,  5 
ou  6  composantes).  La  structure  adoptee  leur  confere  b  la  fois  une  grande  sensibility  et  une  bonne  rigidity. 
Leurs  capacites  de  mesure  sont  adaptees  au  domaine  d1 efforts  et  de  moments  rencontres  en  essais  compte- 
tenu  d«  la  oression  dynamique  de  la  taille  de*  maquett**  et  leurs  coefficients  aerodynamiques .  Ilya 
interet  b  diminuer  le  poids  des  maquettes  de  faqon  b  ce  que  celui-ci  reste  faible  vis-a-vis  des  efforts 
aerodynamiques.  La  mesure  des  coefficients  de  trainee  et  de  roulis  pose  qu,elquefois  des  difficuHes  lices 
au  faible  niveau  des  efforts  et  moments  correspondants  compares  aux  quatre  autres  composantes.  La  quality 
des  etalonnages  de  balance  -  particul ierement  la  connaissance  des  termes  d'interaction  -  a  une  repercussion 
immediate  sur  la  precision  de  ces  deux  coefficients.  C'est  un  point  qui  a  longuement  retenu  notre  attention 


avant  de  pouvoir  obtenir  des  resultats  juges  fiables  et  precis.  Une  autre  difficult^  consiste  a  rendre 
etanche  la  balance  qui  sejourne  dans  l'eau  pendant  de  longues  periodes  d'essais. 

1.4.  La  chaT.'ic  de  mesure  ct  les  servitude* 


L‘ ensemble  des  commandes,  servitudes  et  la  chaine  de  mesure  sont  regroupes  dans  une  double-baie 
avec  un  pupitre  de  mise  en  oeuvre,  du  chariot  et  des  teiecommandes  de  reglage  de  l'attitude  maquette. 

La  chaine,  pilotee  par  un  calculateur  -  contrdleur,  comporte  huit  voies  de  mesures  constituees  de 
condi tionneurs  -  amplificateurs.  Un  convertisseur  assure  le  passage  de  l'analogique  au  numerique,  chaque 
voie  lui  etant  success ivement  connectee  par  un  mul tiplexeur.  En  essais,  pendant  la  phase  d’acquisition, 
toutes  les  donn£es  sont  recueillies  en  m^moire  pour  un  traitement  ulterieur  qui  debute  des  la  fin  de  ''acqui¬ 
sition.  Les  lectures  d'incidence,  angle  de  roul-**-  et  indication  d'un  chronometre,  sont  faites  sur  des  entrees 
particulieres  sur  le  calculateur.  La  pression  dynamique  e*t  calcuiee  a  partir  de  la  vitesse  moyenne  du 
chariot,  elle-meme  se  deduisant  par  chronometrage  du  temps  de  passage  du  chariot  entre  deux  points. 

2  -  Les  equipements  pour  les  visualisations 

Un  deuxi£me  chariot  aerien  semblable  au  premier  dans  s a  conception  et  utilisant  le  meme  chemin 
de  glissement  constitue  une  plateforme  sur  laquelle  on  embarque  tous  les  materiels  necessaires  aux  esca is  de 
visualisation  : 

-  generateurs  de  lumiSre  (projecteur,  projecteur  a  fente,  flash,  ...) 

-  generateurs  de  micro-bulles, 

-  materiel  de  prise  de  vues  (appareil  photographique,  camera  cinema,  camera  video  ...) 

Plusieurs  montages  pour  la  fixation  des  materiels  sont  disponibles  sur  la  plateforme,  soit  a  la 
partie  supSrieure  du  bassin  (eclairage,  generate1-**  micro-bulles),  soit  sur  le  c6te  vitre  de  la  cuve 
(appareil  photographique,  cameras,  ...).  Les  degres  de  liberte  pour  regler  ces  materiels  par  rapport 
B  la  maquette  d' etude,  sont  assures  par  ces  montages. 

Le  projecteur  a  fente  est  un  materiel  standard,  legerement  adapte  a  notre  besoin.  II  eclaire 
en  lumiere  blanche  selon  une  tranche  dont  la  largeur  est  de  60  cm  et  1'epaisseur  de  1  cm  environ.  Grace 
a  un  systeme  optique,  1‘intensite  lumineuse,  dans  la  zone  Sclairee,  est  elevee  avec  des  frontiers 
tranches,  sans  zone  de  penombre. 

3  -  Les  maguettes  d1 essais 

Leur  taille  est  choisie  en  prenant  en  compte  plusieurs  contraintes  : 

-  le  domaine  d'incidence  a  couvrir.  Dans  le  cas  d'essais  aux  grandes  incidences,  jusqu’a  o<  490' 
il  faut  eviter  de  s'approcher  soit  du  fond,  soit  de  la  surface  libre  d'ou  une  limitation  de 

la  longueur  maximum  de  la  maquette.  Mais  e'est  aussi  I'envergure  qui  peut  donner  la  taille  de 
la  maquette  pour  eviter  que  les  extremites  d'ailes  s'approchent  des  parois  laterales. 

-  les  capacites  de  mesure  des  balances  disponibles.  La  taille  de  la  maquette  doit  rester  telle 
que  les  efforts  et  moments  B  mesurer  soient  &  l'interieur  du  domaine  d ' uti 1 isation  de  la 
balance. 

-  1 'obstruction  doit  rester  faible  pour  pouvoir  considerer  que  la  maquette  est  en  champ  infim. 

L'ensemble  de  ces  contraintes  est  tel  qu'en  general  les  maquectes  ue  missile  ont  une  longueur 
d'environ  0,60  m  pour  un  calibre  de  0,03  B  0,04  m. 

Les  efforts  et  moments  B  mesurer  sont  suffisamment  faibles  pour  pouvoir  adopter  des  techniques 
de  construction  simplifies  plus  economiques  que  celles  des  maquettes  de  soufflerie,  avec  des  durees  de 
fabrication  plus  reduites.  Par  exemple,  les  surfaces  de  contrfile  (gouvernes,  volets,  ...)  ont  un  axe  lisse, 
pour  s'encastrer  dans  le  corps  ,  maintenues  en  position  braquee  par  une  vis  pointeau.  Les  realisations  sont 
de  qualite,  chaque  element  de  la  maquette  est  une  representation  fidele  de  l1 element  correspondent  du 
missile.  C'est  une  condition  pour  que  les  resultats  d'essais  representent  correctement  l’aerodynamique 
etudiee.  C'est  aussi  1 'assurance  de  resultats  repetitifs  quand  un  essai  est  repris  plusieurs  fois  au  cours 
de  campagnes  successives  dans  le  temps. 

Les  materiaux  sont  des  alliages  legers  (facilite  d'usinage,  poids  des  maquettes  reduit).  De 
nombreuses  maquettes  de  soufflerie  ont  une  taille  telle  qu'elles  se  patent  tr£s  bien  a  un  montage  au  bassin. 
II  est  frequent  que  des  essais  soient  faits  au  bassin  ou  en  soufflerie  avec  les  memes  maquettes  ;  c'est 
une  situation  intGressante  ne  serait-ce  que  sous  1 'aspect  des  recoupements  entre  plusieurs  essais  en 
limitant  les  sources  d' imperfections. 

4  -  Domaine  d'essais  en  pesfees  et  technique  de  mesure 

4.1.  Domaine_de  vitesse 

La  vitesse  du  chariot  aerien  -  vitesse  stabilise  pendant  les  acquisitions  de  mesure  -  est 
reglable  entre  V  =  0  m/sec.  B  1,80  m/sec. ,  c'est-3-dire,  traduite  en  p:ession  dynamique  q  ^  1600  pa.  La 
vitesse  usuelle  retenue  pour  les  pes£es  est  de  l'ordre  de  1,3  m/sec.  soit  q  **  850  pa.  Le  nombre  de  Reynolds 
B  la  temperature  de  20°C  calcuie  sur  une  longueur  de  1  metre  est  Re  l, 25.106,  soit,  sur  la  longueur  de 

reference  moyenne  1  ref  =  0,035  m,  Re  v  0,5.105. 

4.2.  Qomaine^d^ incidence 

Le  dispositif  de  reglage  d1 attitude  de  la  maquette  sur  le  chariot  aerien  a  un  debattement  en 
incidence  de  l'ordre  de  45°.  En  inserant  des  pieces  intermediaires  dans  la  ligne  de  dard  on  decrit,  en  deux 
fois,  la  plage  d'incidence  -  2 °i  otm  4  90°. 
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4.3.  Roulis 

Lt  uiopuiitif  de  rouiii  r_miet  toutes  les  positions  0^0^  360'  ♦  2  K  T\ 

Le  derapage  e~t  une  combi nai son  de  1' incidence  et  du  roulis.  II  est  aussi  possible  de  fa  ire  appa- 
raitre  du  derapage  par  rotation  autour  d'un  axe  vertical  du  dispositif  de  reglage  d'attitude  de  la 
maquette.  La  premiere  technique  s’applique  davantage  aux  missiles,  la  seconde  aux  vehicules  en  presence 
du  sol. 


Un  essai  se  deroule  selon  le  schema  suivant  : 

-  la  maquette  immergee  est  dans  la  configuration  du  point  de  mesure  a  faire  : 

.  braquage  des  gouvernes,  volets  ... 

.  incidence  du  point  de  mesure, 

.  position  en  roulis 

-  le  chariot  est  a  1'extremite  du  bassin. 

-  les  "zeros"  de  la  balance  sont  enregistres  et.  mis  en  memoire.  II s  representent  les  indications 
des  ponts  de  mesure  de  la  balance  en  1 'absence  d'efforts  aerodynamiques  et  traduisent  les  "zeros"  elec- 
triques  et  les  poids  morts  des  balance  et  maquette  dans  la  configuration  d'essais.  Ensuite  le  chariot  se 
deplace  d'une  extremity  a  1 'autre  du  bassin  a vec  acquisition  de  points  de  mesure  sur  toutes  les  voies 
pendant  la  course  3  vitesse  constante.  La  chaine  de  mesure  prend  approximativement  100  points  par  seconde. 

En  fin  d'acquisition,  c'est  500  points  de  mesure  environ  qu'il  faut  traiter  pour  elaborer  les  coefficients 
aerodynamiques  de  la  configuration  d'essais.  Soulignons  qu'au  cours  d'un  passage,  tous  les  pa-ametres 
d'essais  sont  figSs  :  les  braquages,  1 'incidence,  le  roulis  ...  sont  constants.  C'est  dire  qu'une  poiaire 
etablie  en  20  points  s'obtient  apr$s  20  passages  successifs  differents  au  cours  desquels  on  aura  fait 
varier  le  parametre  d'essais. 

5  -  La  technique  de  ^'Jalisation 

Retenons  ici  la  methode  de  visualisation  qui  a  fait  1'objet  de  travaux  de  mise  au  point  les  plus 
importants.  El  1 e  consiste  a  ensemencer  l'eau  de  micro-bulles  d'hydrogene  par  electrolyse  soit  immediatement 
en  amont  de  la  maquette,  soft  ci  parti r  de  la  maquette  meme.  Ce  sont  des  fils  d'acier  de  0,08  mm  de  diametre 
mis  sous  une  tension  §lectrique  de  60  volts,  qui  gSnSrent  les  bulles.  Un  fil  teidu,  deolace  dans  l'eau  a 
faible  vitesse  (V  /v  0,20  m/sec.)  degage  derriere  lui  un  plan  ou  rideau  de  bulles  dont  le  dia.;i£tre 
(/v0,05  mm)  est  suffisamment  faible  pour  pouvoir  considerer  leur  mouvement  ascensionnel  nSgligeable  vis  a 
vis  du  mouvement  de  translation  de  la  maquette.  La  deformation  du  rideau  de  bulles  par  le  champ  cSrodynami- 
que  de  la  maquette  donne  une  visualisation  des  ecoulements.  Comme  les  phenomenes  sont  tridimensionnels , 

1 'uti Jisation  d'un  eclairage  annexe  particulier  simplifie  la  comprehension  en  isolant  de  1 'ensemble  ce 
qui  se  passe  dans  une  tranche  d'ecoulement  :  le  laboratoire  est  plonge  dans  l'obscurite  ;  on  eclaire 
localement  la  maquette  a  1 'aide  d'un  projecteur  a  fente  muni  d'une  optique  dans  la  direction  moyenne 
du  plan  dans  lequel  la  visualisation  est  souhaitee.  Toutes  les  bulles  en  dehors  de  la  tranche  eclairge 
sont  invisibles  ;  seules  celles  dans  le  champ  du  projecteur  apparaissent  tr$s  clai rement .  Si  5 'ensemble 
maquette  -  projecteur  -  g£n§rateur  de  bulles  est  deplace  simul tanement ,  1 'observateur  voit,  dans  l'espace 
§claire,  les  bulles  qui,  par  memoire  r£tinienne,  lui  apparaissent  sous  forme  de  trajectoires  lumineuses 
selon  les  lignes  de  courant  :  les  bulles  jouent  le  role  de  traceur  dans  l'£cou lament. Si  la  tranche  eclairee 
est  perpendiculaire  a  l'axe  de  la  maquette,  1 'observation  par  1'arriere  permet  de  voir  les  developpements 
tourbillonnaires  d'extrados. Si  elle  est  parallele  a  l’axe,  sur  un  profil  d'aile,  il  est  possible  de 

visualiser  des  decollements  d'extrados,  etc  -  A  l'oeil  de  1 'observateur ,  peuvent  se  substituer  un 

appareil  photographique,  une  camera  cinema,  une  camera  video,  etc  ...  pour  enregistrement  des  images. 

6  -  Validation  des  rSsultats  de  pesees 

Les  essais  de  pesees  constituent  1'activite  principale  du  bassin  hydrodynamique  ;  il  faut  y  voir 
une  consequence  de  la  mise  en  oeuvre  rapide  de  1 ' installation  alliSe  d  un  cout  de  fabrication  maquette  et 
d'execution  d'essais  modinue.  Nous  rappelons  que  le  bassin  est  utilise  pour  des  travaux  sur  des  produits 
en  projet  ou  developpement  et  en  recherche  appliquGe,  en  amont  par  rapport  aux  essais  en  soufflerie.  C'est 
au  bassin  qu'ont  lieu  les  validations  suhsoniques  des  configurations  issues  du  calcul  et  que  sont  obtenues 
les  premieres  caracteristiques  aerodynamiques  realistes  utilisables  en  simulation.  Il  est  essentiel  que 
ces  r£sultats  representent  correctement  les  caracteristiques  du  missile  ;  c’est  a  cette  condition  que  le 
bassin  est  utilisable  en  tant  que  moyen  d'essais.  L 'aspect  recoupement  entre  essais  bassin  -  soufflerie 
des  que  possible  est  un  souci  permanent  au  meme  titre  que  celui  de  faire  des  comparaisons  entre  souffle- 
ries,  campagnes,  maquettes,  etc  ... 

Plusieurs  cas  de  comparaisons  figurent  ci-dessous  : 

6.1.  Le  premier  est  relatif  a  une  configuration  de  missile  a  ailes  de  faible  allongement  (  A  ^0,24) 
(figures  n°  2  a  4). 

Le  nombre  de  Mach  des  essais  en  soufflerie  est  M  =  0,90  ;  le  nombre  de  Reynolds,  calcule  sur  la 
longueur  de  reference  du  missile,  est  Re  a *  0,25.10°.  Au  bassin  hydrodynamique,  la  vitesse  est 
V  =  12  m/sec.  et  le  nombre  de  Reynolds  Re  aj  0,4. 10^.  C'est  la  meme  maquette  qui  est  utilisSe  dans  les  deux 
cas.  Nos  comparaisons  portent  sur  les  coefficients  de  force  normale  CN  et  de  moment  de  tangage  Cm  pour  des 
incidences  allant  jusqu'S  40°  en  soufflerie,  90°  au  bassin  hydrodynamique.  La  figure  n°  3  fait  apparaftre 
des  hearts  de  portance  au  deU  de  25°  d' incidence  qui  atteignent  approximativement  6  %  a  40°. 

En  moment  de  tangage,  les  divergences  sont  plus  importantes  dans  la  zone  centrge  sur  1 'incidence 
de  30°  mais  nous  constatons  deux  points  : 

-  les  recoupements  sont  corrects  autour  de  1'origine  {incidence  nulle), 

-  les  allures  des  courbes  sont  les  memes  en  fonction  de  1' incidence. 
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Pour  justifier  ces  hearts,  il  faut  evoquer  la  difference  de  nombre  de  Mach  (domaine  incompressible 
au  bassin  hydrodynamique,  domaine  transsonique  en  soufflerie)  d'autant  plus  sensible  que  les  caracteristi- 
ques  sent  mesurees  aux  grandes  incidences. 


6.2.  Le  deuxi£roe  cas  de  comparaison  concerne  une  configuration  de  missile  canard,  qui  a  la  particularity , 
en  subsonique  -  transsonique,  de  saturer  prycocement  en  portante  au  niveau  de  l'aile  (  c*  sat.  /v  15°) 

(fig.  n°  5  a  7). 

Les  conditions  de  soufflerie  se  resument  a  : 

nombre  de  Mach  =0,7  5 

nombre  de  Reynolds  Re  =  2.10°  calcule  sur  la  longueur  de  reference 

Pour  le  bassin  hydrodynamique  : 

nombre  de  Reynolds  Re  =  0,33.10^ 

La  maquette  est  connune  aux  deux  essais. 

Tout  comme  prycedemment,  dans  le  domaine  d' incidence  explore,  les  ecarts  de  portance  restent 
modyres  avec  un  niveau  maximum  de  10  %  dans  la  zone  de  saturation  de  l'aile  ;  de  part  et  d'autre,  la  concor¬ 
dance  des  rysultats  est  tres  bonne. 

Les  moments  de  tangage  accentuent  les  ecarts  ci-dessus  par  le  bras  de  levier  de  l'aile  et  la 
comparaison  des  rysultats  est  moins  satisfaisante  au  del  a  de  la  saturation  ;  visiblement  il  y  a  divergence 
des  comportements  qui  laissent  supposer  un  fonctionnement  aerodynamique  different  de  l'aile  dans  les  deux 
moyens  d'essais  aprSs  saturation. 

C'est  dans  ces  situations,  ou  le  nombre  de  Reynolds  prend  plus  d' importance  que  les  differences  se 
font  jour  ;  des  tentatives  de  dyclenchement  de  transition  couche  limite  ont  ete  faites  ;  elles  connaissent 
plus  ou  moins  de  succys  selon  les  cas.  Signalons  les  excel lents  resultats  obtenus  sur  un  profil  epais  NACA 
ou  le  dyclenchement  par  fil  sur  le  bord  d'attaque  a  permis  de  retrouver  les  caracteri stiques  connues  Hu 
profil,  notamment  au  voisinage  de  la  saturation.  Sur  des  profils  minces,  symetriques,  1 'efficacite  du 
dyclenchement  est  moins  certaine  ;  en  tout  cas,  elle  n'ameliore  pas  de  fagon  evidente  les  caracteristiques 
mesuryes  au  bassin. 

6.3.  Le  troisiSme  cas  est  celui  de  la  trainee  d'une  sphere  de  diametre  0  200  mm  (planche  ne  4,  fig,  n~8) 
tracye  en  fonction  du  nombre  de  Reynolds.  SF.  H0ERNER  dans  son ouvraqe  "Resistance  a  1'avancement  dans  les 
fluides  (Fluid  dynamic  drag)  signalait  que  les  vitesses  critiques  dans  I'eau  sont,  d'une  fagon  genyrale, 
inferieures  a  cellus  dans  l'air  ;  **rs  pouvoir  justifier  ce  rysultat  par  une  loi  physique  et  s'appuyant 
sur  diverses  experimentations,  il  arrivait  a  la  conclusion  prudente  que  le  nombre  de  Reynolds  critique  R' 
dans  I'eau  peut  etre  approximati vement  moitie  de  celui  dans  l'air.  Or,  nous  arrivons  pratiquement  a  cette 
myme  conclusion  puisque  nous  situons  sur  la  courbe  de  la  fig.  8  le  Reynolds  critique  a  R'  /w  2.2. 105. 

6.4.  Le  dernier  cas  de  comparaison  est  celui  obtenu  au  cours  d'essais  de  visualisation  pour  determiner  le 
point  d'eclatement  des  tourbillons  sur  une  aile  delta  mince,  en  fonction  de  1 'incidence. 

La  fig.  n°  9,  planche  n°  4,  regroupe  les  resultats  de  NORTHROP,  de  1'ONERA  et  ceux  que  nous 
avons  obtenus  avec  les  nombres  de  Reynolds  correspondants.  On  remarquera  la  coherence  de  tous  ces  rysultats. 
La  planche  n°  5  est  un  recoupement  de  photos  de  visualisation  a  la  base  du  recoupement  sur  les  eclatements 
de  tourbillons. 

B  -  ETUDE  D' UN  MISSILE  AUX  GRANDES  INCIDENCES 
1  -  Introduction 


Nous  proposons  ci-dessous  des  rysultats  d’une  etude  faite  en  parallele  en  soufflerie  et  au  bassin 
hydrodynamique  sous  le  double  aspect  pesees  et  visualisation  d'ecoulements . 

Le  choix  de  la  configuration  du  missile  rypond  aux  cri teres  suivants  : 

-  les  possibilites  d'emports  simultanes  sous  avion  de  matyriels  de  pljs  en  plus  nombreux,  le 
respect  des  gabarits  de  security  restreignent  les  dimensions  trar.sversales  des  voi lures.  Pour 
les  missiles  stockys  et  tires  i  partir  d'un  container,  les  problemes  d'encombrement  se  posent 
aussi  et  la  tendance  gynyrale  constatye  est  une  diminution  des  envergures  d"*s  missiles  avec 
yventuel lement  un  allongement  des  fuselages. 

-  les  performances  souhaitees  en  facteur  de  charge  sont  plus  elevees  et  dans  deux  parties  du 
domaine  de  vol ,  ce  facteur  de  charge  est  difficile  a  ryaliser.  C'est  tout  d'abord  le  domaine 
des  hautes  altitudes,  en  vol  supersonique  ou  1 'interception  d'une  cible  rapide  et  faiblement 
manoeuvrante  requiert,  du  fait  du  faible  niveau  de  la  press i on  fdynami que ,  des  coefficients 

de  portance  yievys.  C’est  ensuite  le  vol  a  faible  vitesse,  basse  altitude,  conditions  rencontrees 
au  moment  du  tir  d'un  missile.  C'est  le  cas  des  missiles  sol -air,  tirys  verticalement  a  partir 
d'un  puits  et  qui  doivent  trys  vite  relier  l’horizontale ,  a  basse  altitude,  en  direction  de  la 
cible.  Dans  ce  cas  on  trouve  aussi  les  missiles  air-air  de  combat  raoprochy  ;  dys  les  premiers 
instants  du  vol,  ils  doivent  faire  faire  une  rotation  rapide  d  leur  vecteur  vitesse  dans  la 
direction  du  futur  point  d ' interception .  C'est  la  phase  de  vol  appelee  couramment  "basculement" . 
La  faible  pression  dynamique  due  &  la  vitesse  est  a  compenser  par  des  coefficients  de  portance 
yievys . 


Les  limitations  en  envergures  evoquees  plus  haut  sont  tel les  que  les  caract#ristiques  de  portance 
lineaire  ne  peuvent  pas  assurer,  dans  le  domaine  d'incidence  usuel ,  les  coefficients  de  portance  attendus . 
II  faut  alors  envisager  d'autres  solutions  a  savoir  utiliser  les  caract#ristiques  non-1 in#ai res  des  fuse¬ 
lages  et  surfaces  portantes  en  les  amenant  dans  le  domaine  des  grandes  incidences  ou  ces  caracteristiques 
sont  tres  developpees. 

L'ensemble  ailes  +  fuselage  cruciforme  symetrique  propose  ici  satisfait  les  entires  enonces. 

En  le  completant  avec  des  gouvernes  appropriees,  nous  obtiendrions  un  missile  capable  d'#voluer  a  des 
incidences  de  Vordre  de  40°  a  45°.  Connie  de  nombreuses  etudes  1’ont  montre  ces  dernieres  annees,  dans 
le  domaine  des  grandes  incidences  et  basses  vitesses  (de  M  =  0  jusqu'au  transsonique) ,  apparaissent  des 
efforts  et  moments  en  lateral  et  en  roulis  ;  quoique  bien  identifies,  ils  sont  diffici les  a  prevoir,  en 
signe  et  amplitude,  ainsi  que  la  gamme  d'incidence  ou  ils  se  manifestent.  Les  configurations  5  comporte- 
ment  non-lineaire  sont  parti culierement  sensibles  a  ces  phenomenes  pour  plusieurs  raisons.  La  premiere 
tient  au  fait  que  la  majeure  partie  de  la  portance  estd'origine  tourbil lonnai re  ;  elle  se  developpe 
a  Vextrados  du  fuselage,  des  ailes,  ...  Nous  estimons,  pour  des  configurations  proches  de  celle  etudiee 
ici,  qu'elle  represente  environ  80  v.  de  la  portance  totale  a  c£  **  40°.  Quand  le  systeme  de  tourbillons 
devient  dissymetrique,  voire  instable  au  dela  d'une  certaine  incidence,  ce  sont  des  variations  d'efforts 
et  moments  importants  qui  sont  mises  en  jeu  ;  dans  les  pesees  globales  de  maquette,  l'apparition  de 
dissymetries  de  tourbillons  s’accompagne  de  l'apparition  de  coefficients  Cy,  Cn  et  Cl. 

En  second  lieu,  les  dimensions  transversales  r#duites  vis-a-vis  des  cordes  d'aile  et  longueur 
totale  du  corps,  font  que  chaque  point  du  missile  est  concern#  par  les  dissymetries  dont  les  effets 
s'int#grent  sur  des  surfaces  importantes. 


2  -  Resultats  de  pesees 


Les  cinq  coefficients  du  missile  (pas  de  mesure  de  la  trainee)  sont  traces  planche  n°  6  dans 
un  triedre  mixte  dit  "pseudo-lilienthal "  ;  e'est  un  tri#dre  qui  suit  le  missile  en  incidence  mais  pas 
en  roulis. 


Missile  vu  de  1 'arriere 


L' incidence  ^  m  -  angle  entre  le  vecteur  vitesse  infinie  amont  et  Vaxe  du  missile  -  est 
representee  par  la  composante  transversale  de  la  vitesse.  L 'angle  0  caracterise  la  position  en  roulis 
de  la  maquette.  Trois  positions  sont  explorees  :  0  =■  0°  22,5°  45°.  40=0®  une  paire  d'ailes  est  dans 
le  plan  defini  par  le  vecteur  vitesse  et  l'axe  missile,  1 'autre  lui  etant  orthogonale. 


La  premiere  constatation  faite  a  propos  du  coefficient  de  portance  se  rapporte  a  1 'influence  de 

Tangle  de  roulis  sur  le  niveau  du  coefficient  en  fonction  de  V incidence  ;  d#s  c*’  a/10°,  les  trois 

caracteristiques  se  separent  nettement  et,  vers  40°  d'incidence,  il  y  a  un  rapport  voisin  de  2  entre  les 
valeurs  extremes.  On  peut  noter  1 'allure  pratiquement  lineaire  de  la  courbe  a  0  =  0°  pour 

20°  4  o<  4  40°.  Ce  comportement  est  moins  evident  pour  les  deux  autres  angles  de  roulis  ;  sur  les 

trois  courbes,  il  y  a  absence  d'accident,  comme  il  s'en  trouve  sur  les  autres  coefficients. 


Les  coefficients  de  moment  de  tangage  dont  le  signe  positif  traduit  1 'instability  du  missile 
sans  ses  gouvernes,  sont  deja  moins  faciles  a  qualifier  ;  selon  la  gamme  d'incidence,  le  comportement  en 
roulis  est  different  :  il  semble  qu’aux  incidences  les  plus  fortes,  il  y  ait  tendance  a  destabilisation 
pour  0  =  22,5°  et  45°  par  rapport  a  0  =  0°.  La  confrontation  des  coefficients  de  portance  et  moment 
avec  revolution  en  roulis  indique  que  les  pertes  de  portance  se  situent  vers  1 'arriere  du  missile. 


Les  coefficients  en  lateral  Cy,  Cn  et  en  roulis  Cl  a  0  =  22,5°,  avec  une  valeur  bien  d#finie 
des  les  faibles  incidences,  sont  dus  aux  non-1 inearit#s  du  missile  ;  dans  cette  position  non  symetrique 
par  rapport  a  la  vitesse  il  y  a  une  composante  transversale  aux  efforts  et  moments  sur  le  missile.  Par 
contre,  a  0  =  0°  et  45°,  positions  symetriques  par  rapport  a  la  vitesse,  les  coefficients  qui  apparais¬ 
sent  au  dela  de  o£  30°  ont  une  signification  moins  evidente  :  les  evolutions  en  incidence  sont  a 
variation  tr#s  rapide,  avec  eventuel lement  changement  de  signe  tandis  que  les  points  extremes  atteignent 
des  amplitudes  qui  representent  une  fraction  non  n#gligeable  des  termes  correspondents  en  tangage.  Il 
se  degage  de  cette  observation  un  caractere  erratique  accentue  par  la  dispersion  des  resultats  quand 
un  meme  point  de  mesure  est  refait  plusieurs  fois  cons#cutivement  pour  recoupement. 

3  -  Visualisation  d'ecoulements  le  long  du  missile 

La  premiere  s#rie  de  photos  represente  les  ecoulements  autour  du  missile  dans  douze  sections 
numerot#es  de  1  A  12  A  partir  de  l'avant  (fig.  13,  planche  n°  7).  Les  cinq  premieres  sections  sont  sur 
le corps  °n  amont  des  ailes,  les  sept  suivantes  sur  les  ailes  avec  une  concentration  au  voisinage  de 
l'avant  dt  1'aile.  La  s#rie  de  visualisations  est  faite  d  1 'incidence  oC  =  30°  &  un  angle  de  roulis 
0  =  0°.  Les  essais  de  pesees  et  de  visualisation  ne  sont  pas  simultanes  d'ou  1'eventuelle  difficult# 
a  correler  correctement  les  pesees  avec  les  visualisations,  sp#cialement  si  on  veut  relier  une  dissy- 
metrie  d'ecoulement  au  sens  de  variation  des  coefficients  sensibles. 


Les  diff#rentes  vues  des  planches  n°  7  et  8  montrent  les  tourbillons  d' ogive  des  leur  naissance 
a  l'avant*  leur  d#veloppement  sur  le  corps  cylindrique  et  l'apparition  du  bord  d'attaque  des  ailes  en 
section  6.  En  section  7,  les  tourbillons  d'extr#mit#  d'ailes  commencent  h  se  d#velopper  ;  jusqu'en 
section  10,  ils  coexistent  avec  les  tourbillons  d'ogive  q u ' ils  absorbent  peu  A  peu  et  ces  derniers  ont 


perdu  leur  identlte  en  section  11.  On  peut  dire  que  jusqu'S  cette  abscisse,  la  symetrie  d'ensemble  parait 
conserve  ;  ce  n'est  plus  vrai  en  section  12  ou  les  noyaux  des  tourbi lions  occupeni  des  positions  dissyme- 
triques  par  rapport  au  plan  d'aile  vertical.  A  posteriori,  on  peut  s’interroger  sur  la  reality  de  la 
symetrie  en  section  11  ou  un  leger  glissement  des  tourbi lions  est  perceptible.  II  est  probable  que  cette 
configuration  d'ecoulement  s 'accompagne,  en  pesee,  d'efforts  et  moments  parasites  en  lateral  -  roulis. 

Les  comparaisons  entre  les  donn£es  quantitatives  issues  des  pesees  et  les  schemas  d‘£coulement$ 
sont  certes  tr£s  instructives  et  facilitent  1 'interpretation  des  ph§nomenes  er.  lateral  en  configuration 
symetrique,  mais  il  est  clair  que  la  seule  pesee  globale  du  missile  est  une  information  d'exploitation 
limitee.  La  comprehension  dans  le  detail  de  toutes  les  implications  des  dissymetries  d'ecoulement  demande 
au  minimum  une  decomposition  sur  le  missile  des  efforts  et  moments,  element  par  element  pour  affecter  a 
l'ogive,  au  corps,  3  chacune  des  quatre  ailes  leur  participation  respective  aux  caracteristiques  aerodyna- 
miques.Ce  qui  se  passe  en  tangage,  dans  le  meme  temps,  retient  aussi  notre  attention  meme  si  les  caracteris¬ 
tiques  globales  du  missile  en  portance  et  moment  de  tangage  sont  beaucoup  moins  sensibles  que  les  autres 
compos antes. 

Pour  aller  plus  avant  dans  l'etude,  faisons  appel  3  d'autres  resultats  acquis  en  soufflerie  ;  la 
maquette  est  identique  en  definition  geometrique  a  celle  des  essais  au  bassin  hydrodynamique  ;  mais  au  lieu 
d'une  pesee  globale,  nous  avons  cette  fois  une  balance  interne,  dans  le  fuselage  de  la  maquette,  pour 
mesurer  les  caracteristiques  d'une  aile  en  presence  des  trois  autres  ailes  et  du  fuselage  : 


Le  progranme  de  soufflerie  prevoit  des  evolutions  en  incidence  (  0°  ^  m 
maquette  pour  des  angles  de  roulis  donnes  et  des  evolutions  en  roulis  (0^0^  360* 
donnees.  Le  r£seau  de  courbes  disponible  est  tel  qu'avec  une  seule  aile  pesee,  on  peut 
portance  de  chacune  des  quatre  ailes  dans  tout  le  domaine  (  ©4W,  0  )  explore. 

Les  conditions  de  soufflerie  sont  : 

nombre  de  Mach  M  =  0,70  c 

nombre  de  Reynolds  Re  =  1,1.10° 

4  -  Correlation  entre  les  visualisations  et  les  pesees  d'ailes  et  de  missile 


^  45°  )  de  la 
)  pour  des  incidences 
reconstituer  la 


La  section  d'observation  d'ecoulement  est  unique  :  c'est  la  section  11  et  seul  un  nombre  tres 
restreint  de  visualisations  en  incidence  est  fourni .  Nous  retenons  trois  cas  typiques  en  roulis  :  0  =  0° 
22,5°  et  45°. 

4.1.  Ltude_§_roul is_nu[_-_0=_O* 

Sur  la  planche  n°  9,  figurent  deux  visualisations  a  1 'incidence  ^  =  30°  (deja  produite  precedem- 
ment)  et  o(  =  45°.  Sur  cette  derniSre,  la  dissymetrie  d'ecoulement  est  parti cul ierement  visible  et  un 
troisieme  tourbillon  apparaft  au-dessus  de  deux  precedents.  L'ensemble  de  1 'ecoulement  extrados  qui,  loin 
de  la  maquette  3  la  partie  superieure,  gardait  une  symetrie  3  ctf  =  30°,  cette  fois  est  entierement  deforme. 

Reportons-nous  aux  pesees  d'ailes,  fig.  n°  18.  Les  portances  des  quatre  ailes  sont  tracees  en 
fonction  de  oi  ,  la  fieche  sur  chaque  aile  indiquant  le  sens  des  portances  positives. 

En  premier  lieu,  nous  relevons  la  similitude  des  coefficients  dans  le  domaine  des  incidences 
faibles  3  moderees  {  i  20°  )  pour  les  deux  ailes  du  plan  de  lacet  ;  puis  un  ecart  tr£s  important  se 
creuse  entre  les  deux  courbes  qui  se  rejoignent  enfin  vers  =  40°.  Au  del 3,  les  perturbations  de  mesure 

emp§chent  de  conclure.  Au  maximum  du  ventre  entre  les  deux  courbes,  il  y  a  pratiquement  un  rapport  1,8 
entre  les  portances  de  1 'aile  gauche  et  de  l'aile  droite.  Ce  phenomene  est  entierement  occulteen  pesee 
globale  (fig.  12). 

Les  ailes  verticales  du  plan  de  tangage  sont  soumises  3  des  efforts  en  lateral  ;  1  'aile  d'intra- 
dos  est  peu  chargee,  celle  d' extrados  Vest  davantage  3  parti r  et  au  del 3  de  o^  =  30°.  Dans  la  plage  de 

dissymetrie,  la  difference  des  portances  des  ailes  du  plan  de  lacet  cree  un  couple  en  roulis  ;  la  geometrie 

de  l'aile  attribue  un  bras  de  levier  d'environ  0,75  calibre  en  envergure  3  la  portance  ;  c'est  un  couple  de 

roulis  Cl  a/  2,3  qui  est  cree.  Les  efforts  en  lateral  des  ailes  du  plan  de  tangage  compensent  ce  couple  ; 

il  est  probable  que  le  signe  du  roulis  resultant  variera  selon  Tangle  d'incidence  considere  puisque  les 
ecarts  maxima  -  de  valeur  equivalente  sur  les  deux  plans  -  sont  decaies  en  abscisse.  Le  roulis  resultant 
est  la  difference  entre  deux  termes  eieves  :  on  comparera  le  niveau  de  Cl  cite  ci-dessus  3  celui  obtenu 
en  mesure  globale  fig.  12. 

4.2.  Etude_3_roul is_0_=_45° 


Les  deux  visualisations  3  30°  et  45°  (planche  n°  10)  i-mme  ci-dessus  montrent  dans  le 

premier  cas  une  symetrie  d'ensemble  de  1 'ecoulement  qui  disparait  dans  le  second  cas  ;  seul  le  tourbillon 
lateral  droit  est  organise  entre  les  ailes  inferieure  et  sup6rieure  ;  3  1 ’extrados  du  missile,  1 'ecoule¬ 
ment  est  desorganise  ;  11  n'y  a  plus  de  tourbillon  qui  apparalt  nettement. 


Les  coefficients  de  portance  des  quatre  ailes  conservent  davantage  la  symetrie,  se  regroupant 
deux  3  deux  avec  des  ecarts  minimes  entre  les  courbes,  compares  3  ceux  constates  3  0  =  0°.  On  remarque 
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le  faible  niveau  de  portance  des  deux  ailes  superieures  qui,  en  moyenne,  s'etablit  a  une  valeur  proche  de 
zero.  Les  deux  ailes  inferieures  ont  une  portance  plus  elevee,  par  endroit  de  20  %  superieure  a  celle  des 
ailes  de  la  configuration  0=0°  ci-dessus. 

4.3.  Etude^a_roulis_0  =_45°  (planche  n°  11) 

La  visualisation  a  <X  =  30°  montre  1'agencement  des  differents  tourbi lions  d'aile  ;  celui  de 
Taile  en  position  inferieure  se  distingue  a  peine  :  Teclairage  venant  par  le  haut,  le  corps  opaque  de  la 
maquette  empeche  la  vision  de  ce  qui  se  passe  a  l'intrados.  Cette  configuration  en  roulis  non  symetrique 
par  rapport  a  la  vitesse  transversale ,  conduit  naturellement  a  une  architecture  d'ecoulement  elle-meme 
non  symetrique.  Et  les  portances des  ailes  s'etablissent  a  des  niveaux  nettement  differenci&s.  1‘aile 
reperee  1  (roulis  22,5°)  a  une  portance  jusqu'a  50  %  superieure  a  celle  de  I'aile  a  roulis  nul 
ci-dessus.  L'aile  n°  2  est  a  portance  negative  dfcs  les  incidences  moderees. 

4.4.  La  portance  d'une  aile  varie  selon  sa  position  en  roulis  sur  le  missile.  Les  douze  coefficients  que 
nous  venons  d'observer,  regroupes  en  roulis  pour  1 ' incidence  oi  m  =  30°  indiquent  le  type  de  variation  de 
portance  d'une  aile  en  fonction  de  0.  La  courbe  de  la  figure  n°  23  situe  vers  0  ^30°  la  position  de 
I'aile  ou  sa  portance  atteint  son  maximum,  superieur  de  70  %  a  sa  valeur  a  0  *  0" .  A  1’ inverse,  elle  est 
negative  pour  270°  4  0  L  315°,  position  ou  I'aile  est  a  I'extrados  du  .missile. 

4.5.  Un  autre  regroupement  des  portances  consiste  a  tracer  pour  0=0°  22,5°  et  45°  la  somme  des 
portances  des  quatre  ailes  projetees  dans  le  plan  forme  par  le  vecteur  vitesse  et  1 'axe  missile.  On  obtient 
les  trois  courbes  de  la  fig.  n°  24,  a  confronter  avec  les  pesees  globales  en  portance  de  la  fig.  n°  12. 

Nous  avions  remarqu§,  observant  ces  dernieres,  que  les  pertes  de  portance  sont  elevees  puisqu'entre  la 
courbe  a  0  =  0°  (portance  maximum)  et  celle  a  0  =  45°  (portance  minimum)  elles  atteignent  jusqu'a  45  %  . 
Dans  le  meme  temps,  la  portance  reconstitute  des  quatre  ailes  varie  dans  des  proportions  nettement  plus 
faibles,  avec  une  zone  en  incidence  ou  les  ecarts  disparaissent  (  c*mA/34°  a  38°). 

Sur  le  missile  d'ttude,  constitue  d'un  corps  et  quatre  ailes,  nous  decomposons  la  portance  en 
plusieurs  parties  : 

-  la  portance  du  fuselage,  sans  la  presence  des  ailes.  Comme  il  est  axisymttrique,  sa  portance 
est  independante  de  Tangle  de  roulis, 

-  la  portance  de  l’ensemble  constitue  par  les  quatre  ailes  et  la  partie  du  fuselage  qu'elles 
interactionnent.  A  son  tour,  cette  portance  se  decompose  en  la  portance  nette  des  ailes  - 
celle  ttudite  pour  chacune  des  quatre  ailes  ci-dessus  -  et  la  portance  induite  sur  le 
fuselage. 

De  ces  trois  composantes  de  portance,  nous  avons  mesure  la  somme  (fig.  n°  12)  et  la  portance 
nette  des  ailes  (fig.  n°  24)  et  nous  savons  que  la  oortance  du  fuselage  est  independante  de  Tangle  de 
roulis.  De  la  confrontation  des  pesees  globales  et  des  pesees  d'aile,  nous  deduisons  que  c'est  principa- 
lement  sur  la  portance  d'interaction  des  ailes  sur  le  fuselage  que  se  fait  la  modulation  de  portance  en 
fonction  de  Tangle  de  roulis. 

CONCLUSIONS 

Les  pesees  globales  au  bassin  hydrodynamique,  les  visualisations  d'ecoulements  et  les  pesees 
d'ailes  en  soufflerie,  constituent  autant  d'elements  qui  facilitent  la  comprehension  des  phenomenes  parti¬ 
culars  aux  grandes  incidences.  Nous  soulignons  plus  particuli£rement  les  points  suivants  : 

-  sur  le  missile  en  incidence,  la  portance  des  ailes  en  position  extrados  est  faible,  voire  nega¬ 
tive.  A  1 ' intrados ,  el  le  passe  par  un  maximum  vers  0  A"  30°  et  est  nettement  superieure  a  la 
portance  de  la  position  0=0°. 

-  la  modulation  de  portance  du  missile  en  fonction  du  roulis  apparait  essentiel lement  sur  le 
terme  d'interaction  des  ailes  sur  le  corps, 

-  quand  des  coefficients  apparaissent  en  lateral,  les  dissymetries  d'ecoulement  se  manifestent 
aussi  sur  les  coefficients  du  plan  de  tangage,  m§me  si  en  pesee  globale  il  n'y  a  pas  d’effet 
apparent. 

-  enfin,  ce  ne  sont  pas  les  dissymetries  d’ecoulement  les  plus  spectaculaires  qui  conduisent  aux 
effets  les  plus  importants  sur  les  coefficients  aerodynamiques  ;  quand  TScoulement  a  un  aspect 
enticement  desorganise,  les  coefficients  reinvent  un  niveau  faible  en  lateral  et  symetrique 
en  tangage.  C'est  davantage  quand  la  dissymStrie  s'amorce,  qu'elle  a  les  effets  les  plus  grands. 
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FIG.  23  :  EVOLUTION  DE  PORTANCE  D'UNE  AILE  EN  FONCTION  DE  SA 
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cross  section  area 
chord  length 

height  of  the  fluid  column  in  the  tunnel 
pressure 

accelerating  pressure  difference 
teeth  distance  of  the  chopper  disk 
absolut  time 
exposure  time 
velocity 

coordinate  of  the  tunnel  in  flow  direction 
coordinate  of  the  model  in  flow  direction 
coordinate  normal  to  x 
density  of  the  fluid 
characteristic  starting  time 


Subscripts : 

H  -  high  pressure  chamber 
L  £  low  pressure  chamber 

M  £  test  sect  Lon  at  the  place  of  the  model 
0  £  condition  at  the  water  surface 
s  £  sliding  valve 

•  £  undisturbed  flow  in  the  test  section 
Superscript : 

*  £  dimensionless  value 


This  paper  deals  with  the  time  dependent  establishment  of  the  flow  field  on  an  airfoil 
in  unsteady  flow.  The  impulsive  start  of  the  flow  is  achieved  in  a  Water-Ludwieg-Tunnel. 
By  using  a  coded  particle  tracing  method  for  flow  visualization,  the  detailed  flow  es¬ 
tablishment  on  a  NACA  0012  airfoil  at  30°  angle  of  attack  is  shown  from  the  beginning 
where  potential  flow  exists  with  zero  circulation  to  a  "quasi-steady"  formation  of  the 
vortex  street. 

1  .  Introduct ion 

Experiments  in  unsteady  flow,  especially  impulsively  started  flows,  are  difficult,  to 
realize  because  of  the  needed  high  acceleration  in  the  beginning  in  order  to  reach  a 
steady  flow  velocity  in  a  short  time.  Continuously  working  channels,  especially  water 
channels,  have  acceleration  times  in  the  range  of  seconds  to  minutes.  The  intermittent 
working  Water-Ludwieg-Tunnel  proposed  by  Akamatsu  /l/  has  an  acceleration  time  in  the 
range  of  tens  of  milliseconds.  This  facility  allows  experiments  in  an  almost  impulsively 
started  flow  with  a  following  steady  velocity  for  a  few  seconds.  A  second  acceleration 
step  of  the  flow  is  possible.  A  number  of  interesting  flow  problems  may  be  studied  in 
this  channel,  e.g.  the  unsteady  Kutta  condition,  the  development  of  the  starting  vortex, 
the  development  of  the  flow  and  the  flow  forces  on  an  airfoil.  The  visual ization  tech¬ 
nique  proposed  in  this  paper  represents  a  modified  particle  tracer  method,  which  yields 
the  location  of  the  photographed  particles  as  a  function  of  time  with  a  resolution  of 
less  than  one  millisecond.  This  means,  that  the  flow  direction  of  the  particles  can  be 
determined.  By  this  coded-tracer  technique,  which  is  described  below,  the  flow  estab¬ 
lishment  on  a  NACA  0012  profile  is  observed. 

2.  Test  facilities 
2.1  Water-Ludwieq-Tunne 1 

A  channel  of  this  type  was  built  in  1984  m  the  Stofiwel lenlabor  of  the  RWTH  Aachen  2  . 
A  sketch  of  the  Water-Ludwieg-Tunnel  <Fig.  1)  shows  the  principle  of  the  channel:  the 
high  pressure  section  including  the  750  mm  long  vertical  test  section  (75  x  150  nm2i  is 
separated  from  the  low  pressure  section  by  a  fast  acting  sliding  valve.  This  valve  opens 
the  tunnel  within  5  ms,  and  the  pressure  difference  between  high  and  low  pressure  cham¬ 
ber  plus  gravity  forces  accelerate  the  fluid. 

The  velocity  history  in  the  test  section  is  determined  with  the  equation  of  Bernoulli 
for  unsteady  incompressible  flow: 


r  3  v  (  x  , 
*  dt 


a  9  2  *  *> 
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Under  the  assumption,  that  the  flow  velocity  in  the  water  tank  is  low  (vq/v 
velocity  in  the  test  section  as  a  function  of  time  follows  from  Eq.ll)  as  S 


(2) 
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with  the  steady  velocity 


the  pressure  difference 


( 4 )  Ap  -  pH  -  p^  ♦  q  g  h  , 

and  the  characteristic  starting  tine 


h  dx 


In  Fig. 2  the  measured  flow  velocity  in  the  Wat er-Ludw ieg-Tunne 1  is  shown  in  comparison 
with  the  calculated  values  as  a  function  of  time.  For  these  measurements  a  NACA  0012 
airfoil  with  a  chord  length  of  50  mm  was  installed  at  an  angle  of  attack  of  30°  in  the 
test  section.  In  these  tests  the  channel  was  driven  by  the  hydrostatic  pressure  only. 
The  experimental  results  give  a  characteristic  starting  tine  of  t  57  ms  (theoretically 
t  -  53  msl  and  a  steady  velocity  of  0.62  m/s  (theoretic-ally  vM-  0.65  m  s). 


The  difference  between  the  theoretical  and  the  measured  values  are  due  to  the  fact,  that 
the  calculation  neglects  the  effect  of  the  mounted  airfoil  and  the  turbulent  flow  e.q. 
at  the  sharp  edges  of  the  sliding  valve.  Another  effect,  not  taken  into  account,  is  the 
finite  opening  time  of  5ms  for  the  sliding  valve,  which  causes  a  displacement  of  the 
measured  velocity  to  greater  times. 


The  static  pressure  p^  in  the  test  section  as  a  function  of  time  is  shown  in  Fig.  3  for 
a  run  of  the  channel  of  about  two  seconds.  The  pressure  drop  at  the  start  indicates  the 
acceleration  of  the  flow,  followed  by  the  steady  flow.  The  small  decrease  of  t  h<-  static- 
pressure  is  caused  by  the  sinking  water  level  in  the  water  tank. 


If  additionally  to  the  hydrostatic  forces  the  chambers  are  operated  with  a  pressure 
difference,  the  characteristic  starting  time  according  to  Eg. (5)  decreases.  If  the  tun¬ 
nel  is  operated  with  the  maximum  possible  pressure  difference  of  Ap  1.15  bar.  Kgs.  (  3- 
5)  yield  a  characteristic  starting  time  of  t  -  20  ms  and  a  steady  velocity  of 

vMw  =  1.8  m/s. 


2.2  Coded-trac er-method 

The  flow  visua 1 isat ion  was  realised  by  a  modified  tracer  method,  which  enables  one  to 
find  the  exact  position  of  the  particles  on  the  photograph  as  a  function  of  time. 

Generally  the  method  of  photographing  traces  of  particles  is  a  very  simple  one  for  meas¬ 
uring  velocities  in  a  two-dimensional  flow.  The  flow  field  is  visualized  and  shows  the 
macroscopic  velocities  for  the  instant  of  the  exposure  time.  It  has  b.-en  used  previously 
in  many  steady  flow  problems,  and  also  in  such  unsteady  flows,  where  the  changes  of  t  In¬ 
flow  field  are  small  within  the  exposure  time  '  t.4,5  >.  If  the  exposure  t  u.o  is  t  <  .n 
long,  the  velocity  can  only  be  measured  as  an  average  over  the  exposure  tin-,  a  it 
even  cannot  be  detected  at  all  if  the  traces  are  strongly  b.-nt  .  For  short  exposure  (m.-s 
it  is  difficult  to  measure  the  length  ->f  the  t  races  which  are  i  ri  tins  •  is.-  nb-nt  i  .a  i 
with  the  streamlines.  The  simple  tracer  method  shows  n-»  evolution  of  the  flow  field  and 
gives  no  information  about  the  direction  of  the  fj  w. 

There  are  different  methods  to  measure  the  vein,  it\  changes  during  .he  cg-osin.-  tine: 
first,  to  mark  the  traces  in  equal  t  l  me  intervals  bs  periodic  exposures  ‘..7  ,  or  bv 
stroboscopic  laser  light  for  high  velocities  H  .  and  .-o  .  ■  ,nd  1  v  nixing  s.-n-  >■'  f  pho¬ 
tographs.  The  flow  direction  can  only  be  det  ern  i  n»-u .  when  at  least  two  photos  ar.-  taken 
/  9  /  or  when  the  traces  are  marked  additionally  with  a  secong  flash  light  in  a 
second  laser  -7/. 

In  recent  studies  the  velocities  of  tracer  [.articles  are  measured  with  the  h-  lp  of  com¬ 
puters  connected  to  video  cameras,  fly  digitizing  stored  pictures  11  ,  <-r  even  w  rkirig 
with  a  three-dimensional  on-line  system  1 2.  the  velocities  and  directions  are  obtain,  d. 

With  the  coded-tracer-method  applied  in  this  paper  the  particle  ’races  are  provided  with 
marks,  yielding  both  direction  and  velocity.  In  Fig. 4  the  facility  for  this  visual¬ 
ization  technique  is  shown:  By  means  of  a  cylindrical  lens.*  t ho  laser  produces  a  light 
sheet  of  2mm  thickness  in  the  test  section  and  illuminates  plastic  particles  in  the 
water  (Vestamid,  Chemische  Werke  Hu  1  s  AG.,  diameter  0.2nm  >.  In  front  of  the  lense  a 
chopper  disk  rotates,  which  interrupts  the  beam  according  to  the  pattern  of  broad  and 
small  teeth  on  the  circumference  .  The  distances  between  the  opening  sides  of  the  t e,g  h 
are  constant,  so  that  the  exact  time  of  the  coded  traces  can  be  determined,  if  t  he 
starting  time  of  the  pattern  t  and  the  time  interval  At  are  known.  The  photograph  shows 


the  trailing  edge  of  the  NACA  0012  in  the  starting  flow,  taken  by  the  camera  as  indi¬ 
cated  in  the  sketch. 

A  photodiode  receives  the  signal  of  the  coded  light.  A  transient  recorder  is  triggered 
by  the  opening  of  the  channel.  If  the  camera  shutter  is  released,  the  signal  of  the 
photodiode  is  digitized  and  stored.  The  computer  prints  the  signal  code  in  form  of  long 
(L)  and  short  (K)  characters  and  additionally  the  starting  time  of  the  pattern  and  the 
time  interval  between  two  consecutive  dashes. 

In  this  example,  the  photo  is  taken  with  an  exposure  time  of  31ns  (T-l  30s).  The  same 
pattern  of  the  traces  is  visible  on  the  photograph  and  on  the  signal  code.  The  position 
of  the  particles  can  be  measured  as  a  function  of  time,  from  which  velocity  and  flow 
direction  may  be  calculated.  An  example  of  the  amount  of  information,  which  is  stored  in 
the  flow  photograph  of  Fig. 4,  is  demonstrated  by  drawing  the  flow  velocities  as  arrows 
at  the  beginning  (Fig. 5a,  t  =  10ms)  and  at  the  end  of  the  exposure  time  (Fig. 5b,  t  40ms). 
The  streamlines  are  superimposed  qualitatively  in  the  figures.  The  development  fron  a 
flow  with  a  stagnation  point  on  the  suction  side  of  the  airfoil  to  the  stage  with  the 
separated  starting  vortex  is  obvious. 


3.  Flow  establishment  on  an  airfoil  in  unsteady  flow 

The  airfoil  consists  of  a  NACA  0012  profile  made  of  perspex  (Fig  6).  It  is  mounted  in 
the  75mm  x  150mm  rectangular  test  section  with  an  angle  of  attack  of  a.  -  30°.  The  veloc¬ 
ity  history  for  the  start  and  the  following  steady  flow  under  these  conditions  is 
already  shown  in  Fig. 2.  The  Reynolds  number  calculated  with  the  chord  length  and  the 
steady  velocity  vM<#  is  Re  =  3.1  x  10  . 

The  photographs  are  taken  with  a  35mm  camera.  The  beginning  of  the  exposure  tune  is 
given  by  t  and  made  dimensionless  with  the  velocity  vMw  and  the  chord  length  c: 
t  =  vMw»t/c.  In  all  photographs  the  exposure  time  is  T  =  1/30  sec. 

In  Figs. 7-11  the  flow  development  during  the  acceleration  period  of  the  fluid  is  photo¬ 
graphed.  In  the  very  first  instant  after  the  start  of  the  tunnel,  potential  flow  with 
zero  circulation  exists  around  the  airfoil  (Fig.  7).  The  stagnation  point  is  located  on 
the  suction  side  of  the  profile.  To  demonstrate  the  location  of  the  stagnation  point 
clearer  Fig.  7  is  chosen  with  an  angle  of  attack  of  45°  (all  others  have, 30°)  and  with 
a  larger  scale  than  the  following  figures.  The  exposure  time  began  before  the  channel 

started  and  is  therefore  negative.  For  a,  =  30°  the  hooked  traces  at  the  trailing  edge  in 

Fig.  8  indicate  the  same  flow  development:  In  the  beginning  a  stagnation  point  is  lo¬ 
cated  on  the  suction  side  of  the  airfoil,  and  later  the  velocity  direction  is  tangential 
to  the  profile’s  surface.  At  t  -  0.3  (Fig.  9),  the  flow  on  the  airfoil  stays  tangential 
to  the  surface,  and  there  is  no  separated  flow  region.  In  Fig. 10  the  starting  vortex  is 
carried  away  from  the  airfoil.  The  particle  traces  are  cycloides  due  to  the  rotating 
and  translating  fluid.  Near  the  leading  edge  a  separated  flow  area  appears. 

The  further  flow  establishment  takes  place  under  the  condition  of  a  steady  outer  flow 
with  vM-  =  0.62  m/s.  The  first  leading  edge  vortex  has  its  origin  at  the  nose  of  the 
profile  (Fig.  11)  in  the  separated  flow  region.  This  vortex  increases  to  such  a  size, 

that  it  not  only  induces  an  almost  complete  backflow  on  the  suction  side,  but  also  a 

secondary  counterrotating  vortex  with  its  core  at  the  quarterline  and  another  vortex  at 
the  leading  edge,  rotating  in  the  same  direction  (Fig.  15).  The  flow  around  the  trailing 
edge  leads  to  small  disturbances  in  t  he  shear  layer  between  the  fluid  coming  from  the 
pressure  and  suction  side  of  the  airfoil  (Figs.  12  -  14),  until  it  is  strongly  influ¬ 

enced  by  the  first  leading  edge  vortex  (Fig.  15).  This  vortex  amplifies  the  shear  flow 
in  the  shear  layer  giving  birth  to  the  first  trailing  edge  vortex  (Fig.  16,  reduced 
scale  for  Figs.  16-33).  This  latter  vortex  grows  until  the  first  leading  edge  vortex 
starts  to  move  away  with  the  outer  flow  and  pulls  the  trailing  edge  vortex  away  from  the 
airfoil  (Fig.  18)  .  These  two  vortices  are  carried  away  as  a  vortex  pair. 

A  separated  flow  region  with  highly  turbulent  flow  stays  on  the  suction  side  of  the 
airfoil  (Fig.  19).  In  this  region  the  second  leading  edge  vortex  develops  (Fig.  20)  and 
a  similar  process  as  described  before  begins:  the  second  trailing  edge  vortex  is  growing 
(Fig.  21),  the  second  vortex  pair  swims  away  (Fig.  24)  and  the  third  leading  edge 
vortex  increases  (Fig.  25),  induces  the  trailing  edge  vortex  (Fig.  26);  the  fourth  vor¬ 
tex  pair  can  to  be  seen  in  Fig.  30,  the  fifth  in  Fig.  33  etc.. 

The  experiments  show  that  the  mechanism  of  the  formation  of  the  vortex  pairs  is  always 
the  same.  An  exception  is  the  starting  vortex,  which  has  its  origin  in  the  motion  of  the 
stagnation  point  together  with  the  separation  at  the  trailing  edge.  The  first  vortex 
pair  has  the  biggest  size  compared  with  the  following  ones  ,  which  grow  in  turbulent 
f low  regimes. 

In  Figs. 34-36  the  jpath  of  the  vortex  cores  are  plotted  in  the  dimensionless  x  -y  - 
plane  (x  -  x/c,  y  yc).  The  starting  vortex  is  carried  away  by  the  flow  almost 

parallel  to  the  x-axis  of  the  coordinate  system.  The  leading  edge  vortex  is  formed  in 
the  separated  flow  at  the  nose  of  the  airfoil,  it  increases  on  the  suction  side  and 
swims  away  followed  by  the  trailing  edge  vortex.  The  paths  of  the  vortices  cross  at  x 
-  0.8.  The  second  leading  edge  vortex  moves  close  to  the  airfoil  towards  the  trailing 
edge.  Its  way  is  crossed  by  the  corresponding  trailing  edge  vortex  at  x  i  4.  The  mea¬ 
sured  paths  of  the  third  vortex  pair  show  a  diverging  behaviour. 
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The  measured  time  intervals  elapsed  between  the  formation  of  the  vort<  x  pairs  are  shown 
in  Fig. .17.  The  figure  shows  on  the  abscissa  the  tine  when  the  leading  edge*  vortices 
are  observed  fir:  t,  on  the  ordinate  the  tine  difference  between  the  formation  of  » he 
leading  edge  vortex  and  the  corresponding,  i.e.  from  itself  induced,  trailing  edge  vor¬ 
tex.  This  plot  shows  a  decrease  in  the  times  between  the  formation  of  the  corresponding 
vortex  pairs.  With  the  appearence  of  the  third  vortex  pa  1  r  the  formation  time  differ¬ 
ences  become  nearly  constant.  For  the  here  described  experiments,  the  time  to  this 
steady  format  ion  of  the  vortex  st  r«*et  amounts  to  t  **  700  ms,  corresponding  to  the  flow 
situation  given  in  Fig.  24. 

A  similar  flow  situation  has  been  experimentally  observed  by  Daube  el  al.  /4..  There  a 
NACA  0012  airfoil  was  towed  vertically  in  a  water  tank  with  an  .ingle  of  attack  of  34° 
and  a  Reynolds  number  of  Re  -  1000.  The  dimensionless  tune  t  was  defined  in  the  same 
way,  however,  the  flow  stages  related  to  t  are  different  compared  to  the  ones  measured 
in  the  Ludw  i  eg-Tunne  l :  e.g.  the  origin  of  the  first  induced  trailing  edge  vortex  was 
observed  at  t  3.0  in  the  Ludw leg-Tunne  1 ,  whereas  it  is  found  for  times  t.  £  5  in  the 
experiments  of  Daube  et  al.  '  4. 

Reasons  for  this  discrepancy  lie  probably  in  the  different  values  of  uccelerut  mg  t  ines, 
angles  of  .it  t  ark  and  Reynolds  numbers.  The  study  of  these  influences  will  be  a  part  of 
«»ur  future  work. 


4 .  _ Con lusions 

An  intermittent  working  Water-f.udw  ieg-Tunne  1  is  described,  which  represents  a  facility 
to  investigate  models  i  ri  impulsively  accelerated  flows.  Its  «  ha  t  acl  i-  r  i  st  i  c  s  are  a  short 
aoce  lerat  ion  tine  t£l()0rist  and  subsequent  iy  a  steady  ve‘,.»city  for  about  three  seconds  m 
t  he  test  sect  Jon. 

A  coiled -t  racer-net  hod  is  demonstrated  as  a  simple  facility  to  measure  the  velocity  in 
magnitude  and  direction,  especially  its  changes  during  the  exposure  t  me  in  cunt  rust  to 
•  he  usually  applied  tracer  technique.  The  resolution  of  this  flow  f  i  e  1  d  measuring  I ri-h- 
niquo  is  shown  in  .in  example,  where  two  different  flow  stages  are  stored  on  one  ph*  to: 
th**  stait  inq  flow  with  the  stagnation  point,  on  the  suet  ion  side  of  the  airfoil  and  the 
start  i  ii<|  vortex  cirried  away  by  the  out  er  flow. 

The  flow  esl  ihlislinent  on  tin*  NACA  00  12  airfoil  in  an  impulsively  started  flow  with  a 
Reynolds  number  of  1.1x10**  has  been  investigated.  The  starting  vortex  develops  which  lias 
its  origin  i  ri  the  motion  <»f  the  stagnation  point  together  with  the  vortex  original  i  rig  tn 
the  separat  i  on  area  at  the  trailing  edge.  The  first  vortex  from  the  leading  edge  i  n  i - 
t  lates  the  process  of  forming  the  vortex  street,  which  is  well  known  for  the  steady  flow 
on  an  airfoil  at  a  high  angle  of  attack.  The  nirg.s-urr<l  fine  intervals  f.*r  the  formal  i  on 
of  the  c.  O*  resp.  .nr|  i  r*g  vortices  allowed  to  determine  a  eh  a  r  let  e  r  1  St  1  c  t  me,  after  which  a 
constant  frequency  for  the  separat ion  of  the  vor*  ices  is  achieved. 
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ABSTRACT 

A  new  experimental  facility,  called  the  Hover  Research  Facility  (HRF) ,  is  designed  to  study  the 
flowfields  generated  by  hovering  vertical  take-off  and  landing  (VTOL)  aircraft  and  helicopters.  Water  is 
used  as  the  working  medium  because  of  its  inherent  advantages  in  flow  visualization  and  laser  Doppler 
velocimeter  (LDV)  measurements.  The  applications  of  the  Hover  Research  facility  include: 
il)  experimental  investigation  of  twin-jet  impingement  flow  with  application  to  VTOL  aircraft,  (2) 
visualization  of  the  fiowfield  around  a  fully  contoured,  model  supersonic  fighter/attack  short- take-off 
and  vertical  landing  (STGVL )  aircraft,  and  (3)  performance  testing  of  a  No  Tail  Rotor  (NOTAR )  helicopter 
in  hover  mode  by  use  of  a  scaled  model.  Flow-visual i zation  and  quantitative  LDV  data  on  these  experiments 
are  presented. 


NOMENCLATURE 

A,B,C  Constants 

D  Exit  internal  diameter  of  the  nozzle  or  the  exit  jet  diameter 

H  Height  of  the  nozzle  exit  above  the  ground  plate 

M  Constant 

Re  Reynolds  number  based  on  the  exit  jet  diameter  and  the  exit  jet  velocity 

S  Center  distance  between  the  jet  exit 

S.  Distance  between  the  points  of  impingement  on  the  ground  (for  inclined  jet  impingemer*-  J 

IL  Instantaneous  velocity  in  the  streamwise  (Z)  direction 

V.  Instantaneous  velocity  in  the  cross  stream  (X)  direction 

W.  Instantaneous  velocity  in  the  Y  direction 

'J  Mean  velocity  in  the  streamwise  direction 

V  Mean  velocity  in  the  cross-stream  direction 

u  Fluctuating  component  of  the  velocity  in  the  streamwise  direction 

v  Fluctuating  component  of  the  velocity  in  the  cross-stream  direction 

Uj  Jet  centerline  velocity  at  the  exit 

^max  The  locai  maximiim  3treamwise  velocity  in  the  fountain 

X.  ...  The  fountain  half-width  where  U  =  r?  U 

1/2  2  max 

X  Distance  parallel  to  the  line  connecting  the  nozzle  centerl  mes 

Y  Distance  perpendicular  to  the  line  connecting  the  nozzle  centerlines  and  parallel  to  the  ground 
pi  ane 

Z  Perpendi  cular  distance  from  the  ground  plane 


1.  INTRODUCTION 

Helicopters  and  vertical  take-off  and  landing  (VTOL)  aircraft  employing  powered  lift-jets  product 
complicated  flowfields  while  hovering  in  and  out  of  ground  effect.  These  three-dimensional  hover  flow- 
fields,  shown  schematically  in  Fig.  1,  involve  strong  interactions  between  the  lift-generating  flow,  the 
airframe  surface,  and  the  ground. 

In  the  case  of  a  VTOL  aircraft  powered  by  lift  jets  (Fig.  la),  the  axi symmetric  radial  wail  jets 
created  by  the  impinging  lift  jets  collide  with  each  other  to  form  a  fountain  ipwash  flow.  The  fountain 
is  fan-shaped,  spreading  radially  in  all  directions  with  increasing  width  away  from  the  ground.  The  foun¬ 
tain  is  an  important  flow  feature  because  its  impingement  on  the  aircraft  undersurface  increases  lift, 
elevates  skin  temperatures ,  and  increases  the  possibility  of  reingestion  of  exhaust  gases  into  the  inlets. 
Literature  survey  on  fountain  flows  indicates  a  need  Tor  a  reliable,  detailed  mean- veloci ty  and  turbulence 
data  base  on  realistic  3-D  fountain  producing  configurations.  The  helicopter  rotor  downwash  (Fig.  ’b)  is 
a  complex  flow  featuring  tip  and  hub  vortices  and  wake  contraction.  Certain  elements  of  this  fiowfield, 
such  as  blade/ blade- wake  interaction,  lift  distribution  along  the  blade  in  a  multi  bladed  rotor,  interac¬ 
tion  between  the  downwash  and  the  fuselage,  and  the  interaction  between  the  downwash  and  the  ground  are 
not  well  defined. 

This  paper  describes  experimental  work  conducted  in  the  Hover  Research  h-'icility  (HRF)  at  McDonnell 
Douglas  Research  Laboratories  (MDRL)  on  generic  and  configuration-oriented  flowfields  generated  by  hover¬ 
ing  VTOL  aircraft  and  helicopters.  The  HRF  is  specially  designed  for  the  study  of  such  hover  flowfields 


•This  research  was  conducted  under  the  McDonnell  Douglas  Independent  Research  and  Development  program. 
tSc ient 1st,  McDonnell  Douglas  Research  Laboratories 
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tttProject  Engineer,  McDonnell  Douglas  Helicopter  Company 


by  use  of  water  as  the  working  medium.  Flow  visualization  and  quantity 
j et~ impingement  (VTOL  aircraft)  and  rotor- downwash  (helicopters)  flowf i- 
studies  of  the  simulated  flows  around  can  pi  ex  VTOL  aircraft  and  heli--.jp 
gr  ou nd  ef  f  ect  are  des cr i  be d . 


-i  men  t  j. 
present 
>  rsov^r 


2.  WORKIHG  MEDIUM 


As  a  working  medium,  water  offers  specific  advantages  over  air;  in 
zntion  i:i  water  are  more  numerous  and  have  better  light-refle-cting  -  hj 
namic  phenomena  can  be  observed  at  a  relatively  slow  speed  ir.  Wrft-r  1 
Reynolds  number  and  model  scale  because  of  the  difference  in  kinematic 
Moreover,  for  laser  Doppler  velocimetry,  the  seeding  of  the  fir/w  :5  r:c 
the  natural  suspended  particles  act  as  light  soattervrs.  If  seeding  : 
more  easily  in  water  than  in  air  by  adding  neutral- dens:  ty  pi -is  tic  par 
l  tght- scattering  requirements  . 


3.  EXPERIMENTAL  APPARATUS 


Figure  2  shows  the  MDRL  H- 
f  1  o wf  i  el  ds  gen er at e d  by  VT OL 
tahK,  it.  the  header  tank,  i 
Plexiglas  m»ir.  tar'-  '.’.do  *  ' 
The  main  tank  houses  the 
depending  on  the  type  of  expo: 
be  1 1  on  t  hr  j  u  g  h  which  t  h  3  u  o  t 
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1  1  .fi  jee  n.»» 

2  Jet  impingement  region 
.1  Wall  jet  flim 

J  t-ounlain  formation  region 
*  Fountain  up-*  ash  flow 

Wall  jet  interaction  stagnation  line 
7.  Entrainment 
K  (.round  plane 
V  Fuselage  undersurlase 


Ihru'i. 


Rotational  speed,  il 


\1jip  plexiel 
Header  rank 


Root  vorie* 


Fig.  1  I  spiral  hover  flowfields  (ai  mulli-jel  impingement  floss  in 
VTOI.  aircraft  th)  Helicopter  rotor  downs*  ash. 


Fig.  2  lloser  Research  Facitits 
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t.  Settling  chamber 

2.  No'/le 

3.  Flow  distributor 

4.  Spacers 


5.  Perforated  plates  AM  dimenMons 

6.  Honeycomb  arc  m  *•  m 

7.  Screen  rings  with  screen 

8.  Adapter  for  marking  the 
shear  layer 


Fig.  3  Schematic  of  the  nozzle  units. 


For  VTjjL  direr  oft  model  tes  ling .  th-1  w  >.r  is  drawn  through  the  inlets,  circulates  through  Lne  sysr 
and  -*xi  ts  through  the  jet  nozzles  on  the  model.  The  aircraft  model  is  supported  from  the  traversing  ur. 
The  helicopter  dewnwash  is  simulated  by  a  scaled  four-bladed  rotor  driven  externally  from  above  the  mai 
tank.  For  out- of  -  ground  effect  hover  testing  of  helicopter  models,  the  ground  plate  is  replaced  by  a 
properly  configured  honeycomb  with  a  h_>lw  =  i  rotor-diameter  in  size)  in  the  center  to  accommodate  the 
unsteady  rotor  down  wash .  it  should  be  mentioned  here  that  an  inexpensive  small-scale  pilot  model  facii 
shown  in  Fig.  4,  was  built  to  identify  potential  problems  in  the  design  of  the  large -sc sic  Kc-ver  Reseat 
Facility  and  to  develop  the  necessary  fiuw- vi  sual  i  zaciu.’  techniques. 

3.1  Flow- Visual  i  zation  Systan 

Trie  HHF  has  a  versatile  flow-visualization  system  consisting  of  an  injection  system  for  introducing 
thv  tracer  fluids  (fluorescent  dyes)  into  the  required  portions  of  the  flow  and  an  illumination  system 
producing  a  thin  sheet  of  intense  light,  generated  by  an  argon-ion  laser,  in  ar.y  desired  cross -sect  i  jn 
the  flow.  Ciuorescein~sodi urn,  a  dye  that  fluoresces  a  bright  yel lowi sh- green  when  excited  with  the 
run- wavelength  light  of  the  argon-ion  laser,  is  used  extensively  as  a  tracer  fluid  as  it  was  found  to  b- 
ideai  for  the  Dresent  application.  The  laser  beam  from  an  argon- ion  laser  is  steered  through  a  series 
optical  components  onto  an  optical  scanner  which  in  turn  reflects  the  beam.  The  subject  flows  arc 
illuminated  by  the  thin  sheet  of  intense  light  generat'  d  by  the  oscillating  laser  beam. 

3.2  Laser  Doppler  Velocimeter  (LDV) 

The  nonintrusive  nature  of  the  LDV  and  its  ability  to  sense  the  direction  of  flow  are  the  primary 
reasons  for  selecting  it  as  the  primary  measurnnent  technique  for  the  quantitative  analysis  of  complex 
three-dimensional  flows. 

A  twc-color  (two- component )  TSI  laser  Doppler  Velocimeter  system  was  used  in  the  dual-beam  off-axis 
(about  30°)  backward- scatteri  ng  mode.  Bragg- cel  i  frequency  shifting  was  used  in  both  channels  de*.  >:-i 
the  fiow  reversals.  TSI  counter-type  signal  processes  wore  used  to  convert  the  Doppler  signal,  into  a 
form  suitable  for  recording  on  a  magnetic  disk  through  a  dedicated  DEC  M1NC  11/23  computer.  City  water 
does  not  have  enough  particles  to  give  good  LDV  signals  m  the  backward-scattering  mode;  hence,  the  t  es 
medium  is  seeded  with  Dow  Corning  polystyrene  particles  .12  and  15  urn)  to  obtain  good  si  gnai- to-noi  se 
ratios.  Further  details  of  the  experimental  apparatus  and  t.he  flow  visualization  and  measur  anent  tech¬ 
niques  are  given  in  Ref.  1. 


Trie  measurements  were  obtained  ;  n  the  symt :.etry  plane  v&r.hect  mg  t/vv  1  .  .*. . 

of  mean -velocity  components ,  turbulence  intensities,  Hey  no!  as  snc-ur  stress,  _i:.o  _orr  .  it .  , 
der ;  ve d  I' r  cm  the  ws .  c  data. 

The  distributions  of  mean-  vel  in-i  ty  and  turbulence  data  a-.rr-.ss  tr.e  J'ju.tjir.  vxMtit  r-r.. 
similarity  for  all  eonf  igurations  when  non- Ji  mens  tor: -.1 ;  zee  with  proper  par  amet  •  rs .  Figure 
snow  examples  of  the  self-similar  di stri  but  ions  of  tne  non-dimensional  1  zed  data  for  the  .  ... 
wnieh  3/D  *  9  and  H/U  «  j.C.  The  spreading  of  ~  Ke  fountain  was  found  to  be  linear  and  the 
were  equal  for  all  three  jet -impinge:,  ent  conf  i  gur  at  ions ,  as  shewn  in  Fig.  "1.  The  a*-  jay  ; 
maximum  velocity  in  the  fountain  was  found  to  be  inversely  proportional  to  the  height  :h.v 
the  rate  cf  decay  was  equal  for  the  three  configurations  is  shown  in  rig.  *  *.  The  apr-a  ; 
ity  decay  characteristi  cs  closely  resemble  those  of  radl  .  jets.  The  fcur.ta.r.  wjs  -pserv- 
turbulent,  with  maximum  turbulence  intensities  m  the  range  of  oU-oDt.  Tr.e  out  i  or;  j •- 
region  and  the  majority  of  the  fountain  data,  especially  th.  turbulence  data,  jr-  believe: 
data  reported  on  such  flows.  Details  of  the  LDV  me usur»ments ,  specif  ic*.  ly  th;.s*-  .-r.  tne  .m 
fountain  formation  region,  and  those  for  other  configurations  are  give::  .*.  Fefs.  -.  if.-;  h. 
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ti.2  Simulated  VTOL  Aircraft  Flowfields  in  Hover 

The  fountain  upwasrs  flow  .'Fig.  'a;  impinging  along  tne  undvrsid*  f  tne  fjr*.-.  ig<-  a  VT.-b  j. 
a  prime  contributor  to  tne  near-field  exhaust  gas  ingestion.  Excess:  v-.-  ;  nges  t  .<..r.  -f  xta-ust  ►  ^  : 
propulsion  system  perf  orma.nce;  the  effect  being  mare  sev»-r*.  -.1  higher  -xr.  .xs*.  g.-.s  *.  -r.p-r  at-jf.-s .  1 

impingement  of  the  fountain  on  the  fuselage  undersurface  increases  s  >: :  r.  t  ‘mpe-a*.  .ires . 

One  of  tne  possible  so.  ut  ions  to  the  e  xrn»  us  t  -  gas  •- 1  ng-s  t  i  •.  t.  prtl'Sr.  is  to  annihilate  trie  .  *  i 

in:*i  i  rung  the  lift  jets  inward  .’Fig.  ’  2,  Kef.  ,  dr.  d  accepting  the  as  sc  c:  jtvd  Je* -reuse  :  r.  :  .  • 

Alternat  l  ve.  y ,  flew-  control  devices  suen  as  deflectors  may  be  used  to  re- ::  re  .-t  tr.c  f-or.t  sir.  f.  .« 
from  the  inlets.  These  concepts  were  investigated  in  tr.e  Hover  fi-s-ar  i-r.  Fa.:.-*,.'  tnr.-.gr.  w  . . 
t:  on  studi-s  a.  -in  isolated  twin- jet  .  "ip:  ngener.t  f .  >  ,  and  ;fc  «  a  «.*X  ••  V  **t 

Model  .-"■o--  ASTDVL  Advanced  . j1" .  t  T .»*.«*  off  «n  :  Vert,  j-al  i-an  ■*:r.g  .  -ir  af*. . 
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Fig.  7  Similar  profiles  of  mean  velocities  (l  .  \  I  across  the  fountain  for 
the  configuration:  S  I)  =  9.0.  H  I)  =  3.0. 
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Fig.  8  Similar  profiles  of  turbulence  intensities  in  the  fountain  for  the 
configuration  ;  S  1)  =  9.0.  H  L)  =  3.0. 
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fig.  9  Similar  distributions  of  (a)  He>no]ds  s|jear  stress  I  -u*  l  ad 

bl  correlation  function  (  S'  w  v^»  across  the  fountain  t«r 
configuration:  S  U  =  9.0,  H  l)=3.0. 
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fig.  10  (,ro»th  of  the  fountain  half-width  s. 


goal,  experiments  were  conducted  on  a  9 . ^ 9 yt  geometrically  scaled  rotor  and  fuse: 
Helicopter  in  the  Hover  Research  Facility.  Figure  17  shows  the  NOT  AH  helicoptei 
Research  Facility, 


Mg.  15  V<H  4k  gnfi-forqur  stslcm  c«*mepf. 


Fi|g.  16  NOTAR  Might  demonstrator  with  fences. 


fits-  17  NOIAK  Helicopter  model  in  the  Hover  Research  Kaeililv. 


•r  •>  y.->  w  ls  *.  •  prov.  *  rt*-  downwash  with  proper  v-loeity  distribution  ov*_*r 
■•■jtR.  A  •  3J. ,  four- hi  i.'Ji- 1  i'-Ao!  was  used  to  provi.i*-  onsrhtlf  rotor  diameter 
Sid*-  if  the  tank.  NAdA  .O’t  profile  was  used  for  *.:.••  blade  airfoils  with  di 
f.r  th-*  lower  and  uppi-r  hi *•>.•  halves  to  withstand  •  impression  and  tension  1 
,  respe  jt.  i  v»*ly.  Th*.-  r  or  was  driven  externally  fr-.m  above*  the  main  tank 
.to  below  the  fro*-  surd  r  *-  t  ;  minimize  tne  free- surf  t  ••  effects.  The  rotor 
bl  i -i* -  dytiimie  pr w* .  Th*-  unsteady  rotor  Jownwasti  w  is  allowed  to  pass 
<*  >■-  (*  •  rotor  dj  ir.«-t*-r  ; ri  size)  in  a  plastie  honey  ::omb  ‘‘j-om  think  and  >. 
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4.3.2  Flow  Over  the  Tail  Boon  {Single  Slot> 

Trie  scaled  NOTAR  fuselage  was  attached  to  the  rotor.  The  fan  inlet  flow,  trie  engine  exhaust  flow, 
the  flows  from  the  Jet  thruster  and  the  slot  were  simulated  and  scaled  properly.  The  direct- jet  t  nr  us  t 
and  the  circulation  control  slot  flows  were  metered  individually.  The  slot  momentum  coefficient,  *  non- 
dimensional  measure  of  the  slot  jet  momentum  was  kept  the  same  as  for  the  NOTAR  flight  venioie. 

The  flow  over  the  tail  boom  was  observed  primarily  by  use  of  tufts.  Figures  19a  and  19b  snow  the  t< 
havior  of  the  flow  over  the  tail  boom  as  observed  from  the  slot-side  with  and  without  the  fences. 
Clearly,  fences  were  necessary  to  keep  the  flow  attached  around  the  boom  on  the  slot  side  and  to  avniev* 
the  necessary  circulation  control  (ant i- tor que )  effects.  Thus,  the  flow  behavior  exhibited  on  the 
exterior  of  the  tail  boom  of  the  full-scale  vehioLe  was  duplicated  in  the  tests  conducted  in  trie  H hr. 
Figure  19c  shows  the  attached  flow  around  the  tail  boom  in  an  end  view  obtained  with  the  fluorescent 
dye/ laser  light  sheet  visualization  technique. 

4.3.3  Solution  to  the  Fence  Problem 

As  3tated  earlier,  the  primary  goal  of  the  subject  helicopter  testing  was  to  maintain  attach*-!  f.-.-w 
around  the  boom  without  use  of  fences.  Many  conf igurational  design  modifications  were  tested  out  none 
completely  successful.  The  successful  design  that  resulted  in  attached  flow  without  fences  is  sno»r.  vr. 
Fig.  20.  It  consisted  of  a  second  slot  added  to  the  tail  boom  and  was  of  the  same  length  as  the  origin: 
slot.  No  additional  flow  was  required  and  the  total  exit  area  of  the  original  slot  was  divided  between 
the  two  slots  in  the  final  conf  igur  at  ion;  the  lower  slot  having  a  slightly  larger  cross- sectional  -c-a. 
Figure  21  shows  the  attached  flow  for  the  double  slot- conf  igur  at  ion  without  fences.  Reference  '>  g 
f ui  I  details  of  NOTAR  helicopter  model  test  results. 

The  NOTAh  flight  vehicle  was  modified  to  include  the  new  slot  design  with  an  additional  si  Jt .  In-, 
modified  aircraft  was  flown  successfully  with  improved  performance  characteristics  of  the  NOTAR 
system.  Figure  22  shows  the  first  flight  of  the  modified  NOTAR  helicopter. 


5.  CONCLUSIONS 

Water  is  shown  to  be  an  excellent  working  medium  for  flow  visualization  nr.d  LD7  me  as  moments, 
lietailed  mean  velocity  and  turbulence  measurenents  were  obtained  on  twin-jet  fountain  flows  w:  :n 
tion  to  VTOi.  aircraft.  Mean  velocity  and  turbulence  profiles  across  the  fountain  «*Vu.bi  V;>i  self 
lty.  The  fountain  was  observed  to  be  highly  turbulent  with  maximum  turbulence  intensities  in  tr:~  r  itv-- 
50*601.  The  spread  and  mean  velocity  decay  chracteristi cs  of  the  fountain  closely  resemble  these  of 
radi  il  j^ts.  Effective  design  solutions  were  obtained  on  engineering  problems  associated  with  VTjL  t.  - 
craft  and  helicopters  by  use  of  flow- visual i zat ion  techniques  and  through  inexpensive  scale-mode-  test.* 
in  water. 

In)  Iciii-tf  "OH”  (Side  View) 


Fig.  20  Double-slot  configuration. 


Fig.  21  Attached  flow  for  the  double  slot  configuration  without 
fences. 


Fig.  22  First  flight  of  the  modified  NOTAR  Helicopter  with  two 
slots. 
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SUMMARY 

To  improve  the  basic  understanding  of  the  complex  interaction  flow  phenomena  between  ducted  propeller 
systems  and  the  ship's  hull,  the  effects  of  radial  non-uniformity  of  the  inflow  to  the  ducted  nrooelU-r 
were  investigated .both  numerically  and  experimentally. 

The  mathematical  model  is  based  on  the  Kuler  equations  for  an  inviscid,  incompressible  axisymmetr ic 
flow  and  on  tne  representation  of  the  propeller  bv  an  actuator  disk.  In  a  vorticitv  -  stream  function 
formulation,  the  problem  is  governed  by  two  coupled  integral  equations .which  express  vorticitv  transport 
in  the  flow  and  the  boundary  conditions  on  the  duct  and  h"b  surfaces.  The  numerical  solution  method  employs 
a  discretization  of  the  vorticity  tield  into  vortex  sheets, which  are  traced  iteratively  in  a  fixed  grid. 

The  problem  was  also  experimentally  investigated  in  the  Large  Cavitation  Tunnel  of  the  Maritime 
Research  Institute  Netherlands.  A  five  bladod  propeller  model, placed  inside  a  duct, was  tested  behind  wire 
screens, generating  a  wake  velocits*  profile  with  axial  symmetry .  I.aser-Dopp ] er  measurements  o:  mean  axial 
and  radial  elocities  we-f  carried  out  at  various  axial  locations  upstream  and  downstream  of  the  ducted 
propeller.  Detailed  comparisons  between  the  results  of  calculations  and  the  experiments  are  presented  ano 
discussed . 
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-  pressure  coefficient 

-  duct  radial  force  coefficient 

-  duct  thrust  coetficient 

-  propeller  thrust  uofficictu 

-  complete  elliptic  integral  ot  the  second  kind 

-  external  force  Per  unit  iass 

-  duct  radial  force  per  unit  radian 

-  components  of  K  in  the  coordinate  set  <x,r,  ) 

-  axial  and  tangential  components  of  the  concentrated  Jr>t*e  r.  the  actuator 
disk 

-  -'ireen's  function 

-  tct.nl  head 

-  total  h> ad  of  the  undisturbed  stream 

-  unit  vector,  of  ;  o<>r«l  i  nai  o  set  ix,r,  ) 

-  advance  ratio 

-  complete  elliptic  integral  of  the  first  kind 

-  duct  thrust  coefficient 

-  propeller  thrust  coetficient 

-  moduli i  of  elliptic  integrals 

-  kernel  function 

-  number  of  vortex  sheets  in  the  discretization  of  the  non-uniform  stream 

-  number  of  slipstream  vortex  sheets 

-  pressure 
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SUBSCRIPTS 


-  pressure  at  infinity  upstream 

-  propeller  radius,  actuator  disk  radius 

-  radial  extent  of  the  inflow  non-uniformity 

-  radius  of  the  vortex  sheet  at  infinity  upstream 

-  radius  of  the  vortex  sheet  at  infinity  downstream 

-  coordinates  of  the  streamline  based  coordinate  set  (s,n,-) 

-  duct  thrust 

-  propeller  thrust 

-  axial  velocity  of  the  undisturbed  non-uniform  stream 

-  uniform  flow  velocity  outside  the  wake 

-  velocity  components  in  the  coordinate  set  (xtr,'j) 

-  velocity  vector 

-  components  of  u  in  tne  streamline  based  coordinate  set  (s,n, ") 

-  cylindrical  coordinates 

-  parameter  o'  the  complete  elliptic  integral  of  the  third  kind 

-  circulation  on  the  actuator  disk 

-  strength  of  a  vortex  sheet 

-  strength  of  the  vortex  sheet  at  infinity  upstream 

-  strength  of  the  vortex  sheet  at  infinity  downstream 

-  Dirac  delta  function 

-  complete  elliptic  integral  of  the  third  kind 

-  fluid  density 

-  stream  function 

-  stream  function  value  at  a  grid  knot. 

-  stream  function  induced  by  a  semi-infinite  ring  vortex  cylinder  with  unit 
strength 

-  perturbation  stream  function 

-  stream  function  induced  by  the  duct  and  hub  surface  vorticity,  propeller 
vorticity  and  wake  vorticity 

-  stream  function  of  the  undisturbed  non-uniform  stream 

-  propeller  angular  velocity 

-  vorticity  vector 

-  components  of  (jj  in  the  coordinate  set  (x,r,8) 

-  actuator  disk  vorticity,  wake  vorticity 


(__)  -  vector 

d  -  duct 

p  -  propeller 

w  -  wake 

0  -  conditions  at  infinity  upstream 

-  conditions  at  infinity  downstream 
i,j  -  element  or  knot  indices 

m  -  related  to  the  vortex  sheet 

k  -  related  to  tne  kC*'  shipstream  vortex  sheet 
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1.  INTRODUCTION 

In  marine  applications,  ducted  propellers  are  frequently  employed  to  achieve  higher  propulsive 
efficiency  when  the  propeller  is  heavily  loaded  or  to  retard  the  occurrence  of  propeller  cavitation.  Ref.  1. 
In  the  first  case, the  duct  is  of  the  accelerating  type  and  is  acted  by  a  positive  thrust  force  in 
the  same  sense  as  the  propeller  thrust,  while  in  the  second  case  the  duct  is  of  the  decelerating  type  and 
develops  a  negative  thrust.  One  important  aspect  of  the  propulsive  performance  of  ships  fitted  with  ducted 
propellers  relates  to  the  way  in  which  the  interaction  between  the  ducted  propeller  and  the  ship’s  hull  U 
taken  into  account.  In  sirapathv  with  conventional  propeller  practice,  the  usual  interaction  coefficients, 
known  as  thrust  deduction,  wake  fraction  and  relative  rotative  ef f iciency ,can  be  defined  for  ducted 
propellers.  However,  due  to  the  presence  of  a  third  interacting  element,  the  Juct, which  carries  a  force  and 
induces  a  velocity  field,  such  definitions  are  not  straightforward.  Basically,  two  extreme  phi losophies  are 
possible  and  have  been  followed:  the  duct  as  apart  of  the  hull  and  the  duct  as  a  pai t  of  the  prupulsor. 

Ref. 2  reviews  both  approaches  and  discusses  alternative  ones. 

To  improve  the  understanding  of  the  interaction  phenomena  between  duct,  propeller  and  huiL,  more 
detailed  analysis  are  required.  Before  attempting  a  complete  analysis,  the  separate  study  .d  various 
asnects  of  the  interaction  phenomena  is  simpler  from  the  theoretical  point  of  view  and  is  still  a  useful 
approach .  One  of  the  main  aspects  of  interaction  regards  the  interaction  with  the  ship's  wake,  i.e.,  the 
interaction  with  the  inflow  non-uniformity  to  the  propulsor.  The  study  of  this  effect  for  conventional 
propellers  has  already  deserved  considerable  attention  in  the  last  years  (Refs.  3,4,5,*  and  /).  In  all 
these  studies  the  flow  is  assumed  axisymnetric  (i.e.  only  radial  non—  mi  form ity  is  cons icered )  and 
inviscid,  although  rotational , with  presence  of  vorticitv  in  the  incoming  flow, assumed  as  a  parallel  shear 
flow. 

The  classical  approach  to  the  study  of  flow  disturbances  to  parallel  shear  flows  ar*-  based  on  inv:-^;j 
flow  theory  (Euler  equations  of  motion)  and  makes  use  of  one  of  the  approximations  described  by  "dvti.crr.f , 
(Ref. 8):  the  large  shear-small  disturbance  approximation  and  the  small  shear-large  disturbance, a  iso  known 
as  secondary  flow  theory.  Using  the  large  shear-small  disturbance  tlworv,  Wei s singer  (Ref  >  ,  lo.l  developed 

the  linearised  theory  for  two-dimensional  3irfoiLs  in  shear  flows.  Overlaci,  in  Kef.  11,  extended  thi-  work 
to  annular  airfoils  in  axisymnetric  shear  flow.  For  the  propeller  interaction  problem  only  the  fir-,1 
approximation  seems  appropriate,  considering  the  presence  of  strong  shear  in  the  ship's  wake.  Direct 
numerical  solutions  of  the  incompressible  non-linear  Euler  equations  for  two-dimer sional  airfoil-,  in  shear 
flow  have  also  been  reported  in  the  literature.  Typical  examples  are  tin-  i  inite  difference  met'  od  os  Chew 
et  al  (Ref.  12),  the  finite  element  calculations  of  Van  dor  Voorcn  and  LabrujC-re  (Rel.lji  and  the  discrete 
vortex  sheet  method  of  Gluck  (Ref. 141. 

In  this  paper  the  axisymmetric  inviscid  flow  analysis  is  presented  for  a  ducted  propeller,  The  full 
non-linear  problem,  based  on  the  Euler  equations  of  motion, is  first  formulated  in  terms  of  vorticitv  and 
stream  function,  assuming  the  propeller  to  be  represented  by  a  lifting  line  model  with  infinite  number  :>!' 
blades.  Duct  and  hub  surfaces  are  represented  by  vortex  sheets  and  the  boundary  conditions  formulate! 
considering  the  corresponding  inner  potential  flow  problems.  Second,  the  proniem  is  solved  i teralive i v  '• 
a  discrete  vortex  sheet  method.  The  iteration  proceeds  from  the  previous  approximation  to  vortLity 
field  to  t.ie  next  one, by  computing  the  stream  function  induced  at  fixed  grid  knots  and  tracing  t : : .  ct«.-. 
sheets  on  the  grid.  The  procedure  allows  the  boundary  conditions  on  the  duct  and  hub  to  he  treated  in  a 
rather  natural  way, but  their  statement  is  made  in  terms  of  velocity  to  improve  accuracv. 

Since  no  experimental  data  was  available  for  comparison  with  the  theoretical  predictions,  an 
experimental  programme  was  conducted  in  the  Large  cavitation  runnel  of  MARIN  to  obtain  detailed  informal ; on 
on  the  behaviour  of  a  ducted  propeller  in  a  radially  non-unilurm  flow.  The  test  programme  includeu  force 
measurements  on  propeller  and  duct  and  detailed  Laser-Doppler  velocity  measurements.  A  description  o:  the 
experiments  is  given  in  Section  ).  Finally, the  comparison  between  the  results  of  the  theoretical 
alculations  and  the  experimental  data  is  presented  and  discussed. 


2.  THEORETICAL  ANALYSIS 

2.1  Formulation  of  the  problem 

Consider  the  flow  of  an  inviscid  and  incompressible  fluid  through  a  ducted  propeller  system, 
ihe  duct  and  hub  are  axi  synmetr  ic .  The  central  body  representing  the  huh  i<  of  finite  extent.  ;  prone-lie 

is  represented  by  a  lifting  line  model  with  infinite  number  of  blades  which  exert  axial  an..:  tangent  in  1 
forces  on  the  fluid  (actuator  disk).  The  system  is  placed  in  a  non-uni  fori.:  .ixisvaueLric  axial  stre.r-i  v» ;  th 
velocity  l'(r). 

The  Euler  equations  of  motion  are 

(  c  .  V  )  u  =  -T (£)  +  JF  ,  (  i 

where  u  is  the  fluid  velocity,  n  the  pressure,  .  the  density  and  F  the  external  force  per  unit  ;i.i  <  > .  Thi. 
equation  of  continuity 

V.u=0  * 

can  he  identically  satisfied  in  axisymmetric  flow  introducing  the  Stoke'. s  stream  1  unction  t(x,ri.  If  m,v 
w)  denote  the  velocity  components  in  a  cylindrical  coordinate  rystors  (x,r,  -),  then 


The  vorticity  vector 


lias  components 
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_  1  3(rw)  _  _3w  __  I  .  3 f  1  * ~  ' , 

r  3r  ’  "r  ix  ’  *"'•?  r  3x2  r  3 r  +  3  r  * 

In  a  curvilinear  coordinate  system  (s,n,6),  s  being  measured  along  the  stream  surfaces  and  n  along 
normal  to  the  stream  surfaces  in  a  meridional  plane,  the  vorticity  vector  has  components 

_ /I  3 (rw)  1  3 (rw)  . 

—  'r  3n  ’  t  3s 

Using  the  vector  identity 

(u.V)u  =  V(y  u.u)  - u  x  (7  kjj), 
we  obtain  from  (1) ,in  the  absence  of  external  forces 


where  H  = p/p  + (l/2)u2  is  the  total  bead. 

f-q*  (?)  shows  that  in  the  absence  of  external  forces  jH/js  =0  and  i(rw)/3s=0,  i.e.,  the  total 
and  the  angular  momentum  are  conserved  along  the  meridional  streamlines.  Therefore,  we  .nav  write 

H=l!0),  rw  =  f  ( : )  . 

The  normal  component  of  (7)  writes 


w  ')  .  311 

7  •57<ru>  ‘57  . 


,  ]_/2 

where  us=(u‘+v‘)  “  is  the  meridional  velocity.  Using  the  relation  d/d:  =  ti/ru  )  3/ >n  and  Kq.  (4>, 

becomes  s 

±tl _dH  __  (rw)  d 
r2  3x?  r  )r  3r*  dr  r 2  dr 

In  the  absence  of  swirl,  fcq .  (10)  takes  the  form 


which  shows  that  u;/r  is  constant  along  the  meric ional  streamlines. 

The  Eq.  (10)  holds  everywhere  in  the  flow  field,  except  at  the  disk  itself,  where  an  external  force 
field  is  applied.  Since  the  incoming  flow  is  free  of  swirl, the  particular  form  Kq .  (1L)  holds  everywhere 
in  the  field  except  inside  the  region  occupied  by  the  actuator  disk  and  its  slipstream.  To  determine  the 
form  of  the  right-hand-side  of  F.q.  (10)  in  the  disk  slipstream, we  have  to  consider  the  way  in  which  the 
force  field  acts  at  the  disk. 

We  assume  the  external,  force  field  at  the  disk  to  bo  of  the  form 

I-(fxCr)'(*),0#f|<(:>‘(s))f  :  '  i  (  U ,  R )  ,  <i; 

where  '  is  the  Dirac  delta  function,  R  the  disk  radius  and  s  *■)  denotes  the  point  where  the  meridional 
streamline  intersects  the  disk  plane. 


-  1  ,  v\ 

7-- - (U.t) 

}  3  U  —  — 


Integrating  (15)  between  s  = -•»'  and  s  0  and  using  il_),  we  get 


tor  s  •  -  i  r  s  r  ( •  • , K) 


—  f  .  ( t  )  for  s  •  iJ  and  :  <  ',K  >, 


which  shows  that 
inside  the  blade 
to  the  blade.  If 


rw  has  a  jump  at  the  disk.  The  jump  in  total  head  is  found  from  a 
row  at  the  disk:  the  condition  of  normality  between  the  force  and 
the  blade  rotates  with  angular  velocity  ...  such  condition  reads 


matching  condition 
tiie  relative  velocity 


(u  -  i  (ior>.F  =0, 

which,  with  Kqs.  (14)  and  (15),  yields 


=  —  I-  ~(rw).  (18.t 

.'S  us  's 

Integrating  Kq.  (18)  between  s~— •  and  ^=s  •<),  wo  get 


H  ( •  ) 


II  (O 


for  s<0  or  •  :(■),  R ) 


y  II  (•)  +  ..rv  for  js>0  and  •  -.(0,10 


where  Hq  =  p  /p  +1/2  1“  is  the  total  head  before  the  disk  and  can  be  determined  from  the  conditions  at 
infinity  upstream. 

Substituting  Kq.  (P«)  in  Kq .  <10), we  obtain  for  the  flow  in  the  slipstream: 


q.  <2>‘)  extends  to  the  non-uniform  inflow  case  the  equation  presented  by  Wu  <Kel  .  i  :>  I  tor  the  uniform 
low  case.  According  to  Kqs.  (I*')  and  (19),  Kq.  (*<»)  applies  outside  the  disk  « i  i  psi  ream  with  tin-  ‘-"ir 
in  the  right  hand  side  equal  to  zero. 


<_’■  i  has  to  solved  subject  to  the  particular  boundary  conditions  ci  the  present  problem. 
.  l>-*:ng  boundary  oondi t  ions  may  be  imposed: 


r  -r 


<  r )  .is  •-  , 


as  x  *  +  •  or  r  • • 

for  r  and  on  the  hub. 
on  the  duct  surface. 


In  tiie  boundary  condition  (24)  <'  is  an  unknown  constant  which  is  related  te  the  volume  flow  rati  pa-sinr 
through  the  duct.  The  value  of  ('  depends  on  the  circulation  developed  tnc  duct  and  :an  -e  deterniiud  ' 
applying  the  Kutta  condition  at  the  duct's  trailing  edge. 

For  a  full  specification  of  the  problem, the  radial  distribution  of  i u  lut  ion 


(r  * 


is  given  at  the  disk. 

For  reasons  of  numerical  convenience,  the  boundary  conditions  Kq-.  (2  J.)  and  •.  2 ;  *  on  the  hu  >  and 
surfaces  are  applied  in  a  different  wav.  Since  we  are  onl  .  interested  i:i  the  n.-.iot:  >-\uri:.!!  f,i  du.  t 
and  hub  surfaces, we  may  continue  the  flow  fie  la  into  the  region  bounded  by  the  ie  surfaces  io.  an  i  t  r.i  r. 
way,  provided  these  surfaces  remain  f’ow  stream  surfaces.  If  wo  assume  the  ve'ocit.  to  vani  si,  idinti.nl,. 
inside  this  region,  the  velocity  i  ugeiu  i  al  to  the  surface  is  discontinuous  and  ■*«  obtain  a  repr»  .sent  at  :  .c 
of  the  duct  and  hub  surfaces  by  vortex  sheets.  T!;«.n  the  houndai  v  condition  sjecifyin;  zero  tangential 
velocity  on  the  inner  side  of  the  duct  and  hub  concur  is: 

=  u  on  the  Juct  and  hub. 

r  'ii  inn 

The  strength  o*.  the  vortex  sheet  is)  =  -  1  /  r  <  • :  /  -n  1  uMil  equals  the  .1  i  s.  out  i  nu  i  L  y  of  tangential  velocity  at 
the  stis  face.  •/ 

The  :nain  difficulty  in  solving  the  problem  governed  by  iq.  ( J->  I  with  boundary  .  onditions  Kqs.  i  .'  1  i  - 
(.15)  results  from  the  fact  that,  although  the  differential  operator  on  tire  let  t-h  and  side  of  F.q .  (2  >  :> 
linear,  the  right  hand  side  is  a  non-linear  function  of  ■.  For  purposes  of  numerical  solution,  the 
boundary,  value  problem, Kqs.  (2(|)-(2J)  and  Kqs.  ( 24 ) - ( 2h) , i s  reduced  to  a  coupled  set  of  integral  equations 
over  the  flow  domain  and  its  boundaries  (duct  and  huh  surfaces'. 

unction  induced  by  a  vortieitv  field 


fhe  stream  f 


(s,r  ) 


»lf> 


T(jc,r)  »//  C(x-x’  ,r,r '  )^.  (x' ,  r '  )dx'dr  ' ,  (.27) 

where  the  integration  extends  over  the  region  where  o.,(x,r)  ^  U .  The  Green's  function  G(x-x*  ,r,rV) 
represents  the  stream  function  induced  by  a  ring  vortex  with  unit  circulation.  The  expressicn  in  terms  of 
elliptic  integrals  is  given  by  Kiicheman  and  Weber  (Ref.  Lb): 

G(x-x*  ,r,r')  =  (x-:< 1  )2+(r+i,)'^/*’  L  ( 1  -  ^-5-)  Ktk.)-*C(k)j.  (  2  8.1 


with 


k2  =-»rr'/  (x-x')  +(r+r') 


We  wri'.c  the  stream  function  as  a  sum  of  three  contributions 


r(x,r)  =  .•  (x,r)  +  .  (x,r)  +  .  ,(x,r), 
w  p  u 

respectively  associated  with  the  wake  vorticity 


~  -  -rdil  /dr  ,  (  '31 ) 

o 

the  vorticity  slied  from  the  actuator  disk 

-_(  r  -v)  -p-(rv)  1  5-'' 

d : 
p 

and  the  duct  and  hub  vortex  sheets  •(:;).  !qs.  ( 2 7 ) ,  together  with  Kqs.  (3'0,  f  3 1  »  and  ( 32) , provides  a  r.on- 
-linear  integral  equation  in  the  flow  domain. 

The  second  integral  equation  expresses  tie  boundary  condition  (.26)  or.  the  duct  and  hub  surfaces.  Wrier: 
accounting  for  the  velocities  induced  hv  thr-  vort  ie  it :  distributions  (31'  and  (52),  we  got  from  F.q.  (2*  .: 


The  kernel  function  is  the  velocity  tangent  to  the  contour  induced  on  the  point  (  x»  s  > ,  r  1  -  >  *  by  a  t  in  , 
vnrC.v  located  cn  ef««?  point  (x  '  f  a *  > ,  c  *  fs  * )..>  of  the  duct  .3  j  ?  ■  J  bub  contour.  As  noted  before,  tr.t  iut>.  .:fal 
equation  (33)  admits  an  infinite  number  of  solutions  with  different  circulation  ana  the  xutta  c.-nd : t i-T 
has  to  be  added  to  uniquely  specify  the  solution. 

2.2  Nuaerlcal  Solution 

The  problem  form  1  luted  in  the  previous  sun- see  t  ion  is  solved  num.er  ieai  1  .  bv  .1  si-ici  ete  vortex  ;  ieei 
method.  The  method  is  based  on  a  discr.t  i.:at  ion  of  the  vorticit-.  e:  f.e  in..:-:  in;;  t  low  and  trie 
vorticity  shed  from  the  actuator  disk  into  a  number  »>f  vortex  sheets,  {Vi  1'. 

We  assume  t:u  wake  re.-  ion  to  ft  of  t  ini  cv  extent  :1:1a  tire  velocity  <j  i  t  r  i  •>«_!  :  ;  piecewise 

constant 


(  r  )  -  :  _  !  or  r  r  r  ,  m  =  i  ,N  , 

m  "  1 


with  rol  ^  ^  *  R  and  '  ..:  +  l  being  the  constant  vdooitv  outside  t  ■  •  va-«.  .  \  :  irihvV  •: 

tv;  define  :i  .■n-di:i«rs  iona  I  quant  1 1 1  •  :< .  ,iiv  function  values  at  the  rauii  .1  t : .  c  vertex  -'ii-el- 


-  (  r  -  r  )  ' 
■  =  1  -  v’.*l  ° 


The  function  H0(  ■  )  is  constant  between  the  vortex  sheets.  At.  Lh<*  vortex  sheets  t  iiemso  i  v«.  s ,  the  lur.vtion 
has  a  jump  of  magnitude 


Ml  -!i  -d  -  T(r'; 


where  IW  =  l  /  2  ( t  'in  +  j  +  i~;i  is  the  mean  velocity  at  the  sheet  and  t,.,.  -',n+! 
sheet  at  infinity  upstream.  Ihc  function  dii,_,  ■  i  •  is 


strength  *t  tin 


dll 

~ 


Mi  •  (  •  -  •  > 


is  the  delta  lunction  ot  I'irac.  The  stren’th  ot  the  same  vortex  -*he,-t  at  a  .nm-rai  jv'inl  in  t'  e 


aUl»lira 

~U  J  - 


dn  =  1  im 
w  A  r'  -  0 


The  sane  result  could  he  obtained  us  in,'  the  condition  of  equal  pressure  at  both  sides  of  the  snoot  and 
app lying  Be r  nou lli  o qua  t  Lon . 

In  a  sir.i  lar  way,  we  discretize  the  vorticitv  shed  from  the  actuator  disk  (Eq.jJ)  into  a  number  ui 
vortex  slice cs  bv  assuming  a  piecewise  constant  circulation  distribution  at  the  disk,  i.e._,  -tr;  =’,  ter 

lk  r  l‘k»l>  ^=1,  N;  .  The  first  vortex  sheet  is  assumed  to  be  hound  to  the  huh  and  the  NL|1  vortex  N.s;ic-:t 

is  »hed  iron  the  edge  of  the  actuator  disk,  r«;..+  =1.  Following  the  sane  procedure  as  describee  to.  ti.e 
wake  vortex  sheets,  we  derive  for  the  strength  of  the  kc^  slipstream  vortex  sheet 

JS-LjSl1)  gA,  , 

'  it  -■  T 

where  uSl.  =  -  l/'r  (  • :  /  *n)  ... .  and  ir.»i ....  *  ^  k  *  ~k+ L ' '  ’  art<  respectively,  the  values  of  tin-  id  ^onal 

veloc  ity'*and  the  angular  ^  momentum  at*  the  vortex  sheets,  J  hi  is  the  advance  ratio  and  ...  -A  ■ 

k+l~  k-  ril<-  same  equation  has  been  derived,  in  a  slightly  different  way,  by  i.n  enru-rg  i  .  1 T  •  L:i  ais 
study  of  non-linear  actuator  disk  theory. 

The  locations  of  the  vortex  sheets  in  the  field  are  net  known  a  priori  and  tin  v  nave  to  be  f.i.rvj  -v 
iterative  procedure,  which  we  will  describe  furth.er  on.  In  each  stop  of  tin-  iteration,  d«-  locution."  o: 
tin-  wake  and  •  Hpstrca.a  vortex  sheers  are  found  by  tracin;  in  a  fixed  grid  Li ,t_  stream  ,u:iace-.  i  ~ 

c.i  -  l,N,  and  :  =  : k >  k  =  l,.\-  .  A  grid  of  constant  stepsize  in  tile  radial  direction  ar.c  of  variable  s  £«.?■>  iz*- 

die  axial  direction  was  employed  in  the  present  study  (Fig. 2).  Tie  constant  steps  izi-  in  the  radial 
direction  was  «‘(u‘sen  to  obtain  .higher  accuracv  in  the  eompuLat  ion  of  axiai  velocities  iron  the  knot  vu»., 
i  the  stream  function  by  numerical  differentiation,  ‘hi  oaeh  axial  station  x»xj  ,  i  =  l,'!,  tnre.-  point 
ha  grange  iuterpo!  it  ion  is  used  to  obtain  from  the  knot  values  •.  :  j  the  radius  r  j,.,  ci  tr.e  mc:-  vertex  deet 
’n  * 

i  r.  each  iteration  step  the*  'Taj  or  effort  or  t;ic  •-•onputat  i  .  yu-s  into  the  calculation  ot  tr.e  stria-, 
function  in.Jn.  ed  at  t;ie  ;r  id  knots  by  ;li  the  vortex  sheets,  including  ihi  hub  and  duct  surface  v.rte.-. 
"hv  t.i.  For  tiiat  purpose,  each  vortex  sheet  is  lurcher  discretized  into  parabolic  dements.  p.c  input 
point-;  for  fitting  the  parabolas  are  just  the  points  (xj_,r£ni  obtained  from  the  streamline  iraein., 
prec  on  ur  i- .  ■  in  earn  dement  the-  vortex  sheet  strength  is  assumed  to  varv  1  inear  lv.  let  x=x<,  i,  v  =  ri 
"  1  1  ’  lh.  the  parametric  equations  of  a  parabolic  dement,  being  the  local  arc  length  measured  l  r  . 

the-  parabola  vertex,  *  •  (s)  *  f!t>  .  fl ) .  the;  vortex  sheet  strength  on  the  element.  Pie  stream  iur.ccsc-.: 
inuuced  at  the  grid  k  .  fXj.rjf  by  this  single  dement  is: 


The  integrals  in  !.q.(-il»  are  regular  since  r()  rr  and  they  arc  evaluated  miner  icai  i;.  d_h  an  s- • 
integration.  A  *  uns  iderah  1  e  number  of  (..aussiar.  points  ;s,  i.ow.-ver ,  require,  i  wn..*n  the  :i  star.*..,  •etwee::  the 
element  and  the  grid  knot  is  small.  Ur.  th  other  hand,  if  th>  distance  between  tie  -.le-n-r.l  in.  the  .in.. 
knot  is  large  in  comparison  with  the  typical  ar-,:  length  ’  «•;  t!ie  d orient,  -mltipoii-  .■>.pun«  i.  n  i  e 

(..feei;  s  function  uouut  tin.  parauoU  vertex  jo-  employee  (i\ei  .  ici. 


Outside  the  computational  grid  x  <  >:  |  or  :< %  Xv  the  vortex  sheets  are  ass;, 
and  are  replaced  snmi- i  nf  i  ri  tr*  rincr  vortex  cvl  imh  r«  •"‘f  const. nu  strong!: :. 
by  a  ring  vortex  cylinder  ot  radius  r'  extending  from  x'->  u-  -  ,u  i  j-i*s 
(Kef  .1*0  in  the  form: 


distant  racus 


—  -  ('  -1»  h*k.)  -  .  (  ,  vk.  :•  *  •  *  f  *  I  i  Ki.k  i-Iik. 


r .  r 


MfCtfOCOPY  or 
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Summing  all  the  contributions  from  all  the  vortex  sheets, the  stream  function  at  the  grid  knot  (x.,r^) 
is: 

Sr  ■)  1 

■*..  *  V  +  V  \y  y  {-:a  ,n  >r  )  +  y  ¥  (c  ,rB  )j  +  [  y*  **(£»  .*"■„  .r^  ),  (44> 

^  (e)  m=l  1  °m  °m  °oj  °m  m  m  m  m  J  k=l  k  k  k  k 


rj/r°m’  fWrj/r«B»  and  are  the  asymptotic  value* 

vortex  sheet  strength  and  r^  and  the  corresponding  radii.  In  Eq.(44)  the 
iut  over  all  the  elements  inside  the  computational  yrid,  including  the  elements 
used  to  discretize  the  duct  and  hub  surface  vortex  sheets. 

The  iterative  procedure  used  to  calculate  the  flow  inside  the  computational  domain  can  be  described  as 
follows: 

(1)  We  start  from  a  first  approximation  to  the  locations  of  the  vortex  sheets,  neglecting  their  deformation 
inside  the  computational  domain,  i.e.,  assuming  the  vortex  sheets  to  be  cylinders  of  constant  radii. 
The  constant  strengths  of  the  vortex  sheets  shed  from  the  actuator  disk  are  determined  from  moderately 
loaded  theory. 

(2)  The  boundary  conditions  on  the  duct  and  hub  surfaces  are  satisfied  by  solving  (in  discretized  form) 
the  Eq.(33)  and  applying  the  Kutta  condition  at  the  duct’s  trailing  edge. 

(3)  The  values  of  the  stream  function  at  the  knots  of  the  computational  grid  are  determined  according  tc 
Eq.(44)  and  the  vortex  sheets  are  traced  inside  the  computational  domain. 

(4)  The  strengths  of  the  wake  and  slipstream  vortex  sheets  are  determined  from  Eqs.(39)  and  (40)  at  the 
extremities  of  the  elements,  using  the  values  of  meridional  velocities  obtained  by  interpolat ion  from 
axial  velocity  profiles  and  vortex  sheet  slopes  on  each  axial  station.  As  mentioned  before,  a  linear 
variation  of  vortex  strength  between  the  values  at  the  extremities  is  assumed  on  the  element. 

ps  <.  to  4  are  repeated  until  convergence  is  achieved. 

It  must  be  noted  that  the  strength  of  the  hub  and  duct  vortex  sheets  has  much  steeper  gradients  than 
the  wake  and  slipstream  vortex  sheet  strengths,  due  to  the  presence  of  stagnation  points  on  the  boundary. 
For  that  reason,  the  discretization  of  the  boundary  vortex  sheets  is  not  coupled  to  the  computational  grid 
and  larger  number  of  eLements  are  placed  near  the  stagnation  points.  Also  from  the  point  of  view  or 
numerical  accuracy,  Biot-Savart  integration  is  preferred  to  numerical  differentiation  of  stream  function 
when  evaluating  the  velocities  on  the  right-hand-side  of  Kq.(33).  Expressions  for  axial  and  radial 
velocities  induced  by  a  ring  vortex  can  be  found,  for  instance,  in  Ref. (lb). 


with  n0ni  = 
of  the  wake  and  slipstream 
first  summation  is  carried  c 


5.  EXPERIMENTAL  INVESTIGATIONS 

To  gather  detailed  experimental  information  on  the  performance  of  ducted  propellers  operating  in  a  non 
-uniform  tiow  and  for  comparison  with  the  results  of  the  theoretical  calculations,  a  set  of  experiments 
was  carried  out  in  the  Large  Cavitation  Tunnel  of  MARIS  (test  section  0,')  m  x0,9  m)  .  A  five  h laded 
propeller  model  of  0,2  m  diameter  was  placed  at  mid-chord  inside  a  duct  modeL  (type  NSMB  37,  chord/ 
/diameter  ratio  =0.5,  Ref.(l)).  Table  1  gives  the  main  particulars  of  the  propeller  model.  An  axisynunetr  ie 
wake  field  was  generated  ahead  of  the  ducted  propeller  by  means  of  a  circular  wire-mesh  screen  of  0.4  m 
diameter.  To  create  a  large  velocity  deficit  at  the  avis  of  the  wake  a  circula-  oiate  of  30  mm  va-  placed 
in  the  center  of  the  screen. 

The  velocity  field  at  various  planes  upstream  and  downstream  of  the  ducted  propeller  was  measured  with 
a  Laser- Doppler  velocimeter.  The  locations  of  the  measuring  planes  are  shown  in  fig. 3.  Also  shown  in  the 
figure  are  the  locations  of  windows  on  the  duct  surface  to  allow  Laser-Doppler  measurements  csido  the 
duct.  In  the  present  investigation,  with  the  propeller  operating  inside  the  duct,  no  such  measurements 
were  carried  out.  The  velocimeter  allowed  the  simultaneous  measurement  of  velocity  components  in  vertical 
(z)  and  axial  (x)  directions.  The  dimensions  of  the  measuring  volume  are  0.214  mm  in  the  vertical 
direction  (z)  and  16.34  mn  in  the  horizontal  direction  (y) .  For  this  reason  the  velocity  measurements 
were  carried  out  by  vertical  traverses.  Only  mean  velocity  data  was  collected  and  no  attempt  hap  been  made 
to  measure  turbulence  quantities. 


For  various  propeller  loading  conditions,  the  forces  acting  on  the  duct  were  measured.  The  axial  force 
was  measured  with  a  strain  gauge  located  in  the  fastening  between  duct  and  the  tunnel  wall.  The  radial 
force  acting  on  the  duct  was  deduced  from  the  measurement  of  the  force  in  the  tangential  direction,  actim; 
on  the  intersection  of  a  meridional  plane  with  the  duct.  For  this  purpose,  the  duct  was  cut  into  two  parts 
in  such  a  plane  and  the  two  parts  were  connected  by  force  transducers  with  strain  gauges.  The  force 
-  oasurement?  were  carried  out  for  three  propeller  loadings  with  propeller  otational  speeds  of  643,  l,6D  and 
1600  r.p.m.  at  constant  tunnel  speed  of  3.3  m/s.  These  conditions  correspond  to  propeller  thrust 


coefficients  Kt  =0.U)1,  0.171  and  0.204, 


respectively. 


A.  RESULTS  AND  DISCUSSION 

As  a  preliminary  test  case  for  the  computational  method  and  also  for  purposes  of  comparison,  the 
du«_ted  propeller  in  uniform  flow  was  considered  first.  In  this  case  only  the  slipstream  vorticily  needed 
to  be  discretized.  The  calculations  were  performed  with  48  elements  on  the  duct  and  21  elements  on  the 
hub.  The  computational  grid  was  chosen  with  10  axial  stations  spanning  the  slipstream  from  the  propeller 
disk  x  *  0  down  to  x  ■  3  (i.e.,  a  distance  downstream  equal  to  three  propeller  rad  i  i)  and  13  radial  stations 
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with  0.175  as  constant  radial  stepsi2e.  Thischoice  implied  the  discretization  of  each  vortex  sheet  with  10 
elements  inside  the  computational  domain.  From  preliminary  calculations  it  appeared  that  to  make  the 
iteration  process  converge,  relaxation  was  required.  A  relaxation  factor  of  0.5  was  applied  when  computing 
new  iterates  to  the  stream  function  knot  values.  The  convergence  history  of  duct  axial  and  radial  forces 
is  shown  in  Fig.  4.  It  is  seen  that  6  iterations  were  sufficient  to  get  converged  results  within  1%.  It 
can  also  be  concluded  in  this  case  that  the  effect  of  the  number  of  vortex  sheets, used  in  the  slipstream 
discretization, on  the  converged  values  of  the  duct  forces  is  rather  small. 

In  the  case  of  the  ducted  propeller  placed  in  the  axisymmetric  wake  flow,  the  calculations  were 
performed  for  the  experimental  conditions  (propeller  thrust  coefficients  Ky  *0.101,  0.171  and  0.204).  The 
axial  velocity  profile  measured  behind  the  screen  was  discretized  with  11  vSrtex  sheets,  as  hown  inFig.5. 
In  this  figure  the  wake  velocity  is  given  relative  to  the  velocity  measured  outside  the  wake.  It  should  be 
noted  that  this  velocity, Uc  = 4 . 13  m/s,  outside  the  wake  field  generated  by  the  screen,  was  considerably 
larger  than  the  tunnel  speed,  which  was  set  to  3.75  m/s.  Such  increase  of  velocity  is  thought  to  be  due 
to  the  displacement  of  the  screen  inside  the  tunnel.  In_the  calculations  we  used  the  velocity  measured 
outside  the  wake  to  define  the  propeller  advance  ratio  J  =(ru0)/(QR)  and  the  loading  coefficient  Cjp=Tp/ 
/(l/2pu£nR2) .  No  corrections  for  tunnel  wall  interference  were  applied  to  the  results  of  the  experiments. 

To  ascertain  the  effect  of  the  propeller  radial  distribution  of  loading,  two  distinct  distributions 
were  used  in  the  calculations.  They  are  shown  in  Fig.  6  together  with  the  corresponding  piecewise  constant 
discretizations.  Due  to  the  different  curvature  of  the  vortex  sheets  at  different  propeller  loadings,  two 
grids  with  different  number  of  axial  stations  (implying  different  number  of  elements  on  the  vortex  sheets) 
were  used.  For  the  two  higher  loadings,  where  the  vortex  r^eets  nrp  '•urve-,  especially  anead  oi  Ci.c 

ducted  prone!  1«; .  /  2  aiiJ  with  in  axial  stationswas  considered.  For  the  smallest  loading  15  axial  stations 
were  taken.  In  all  cases  the  number  of  radial  stations  was  15. 

Fig.  7  shows  the  convergence  histories  of  the  duct  forces.  It  is  seen  that,  in  general,  six  iterations 
were  sufficient  to  get  converged  results  within  27.  for  the  duct  radial  force  and  \Z  for  the  duct  thrust. 
Generally,  the  vortex  sheets  traced  inside  the  computational  domain  appeared  to  be  rather  smooth  and  no 
difficulties  were  met  in  tracing  vortex  sheets  in  the  close  vicinity  of  the  duct  and  hub  surfaces.  For  the 
highest  propeller  loading  the  configuration  of  the  vortex  sheets,  calculated  with  the  disk  circulation 
distribution  1,  is  shown  in  Fig.  8.  It  is  to  be  remarked  that  the  grid  used  to  trace  the  vortex  sheets  is 
too  coarse  to  enable  an  accurate  approximation  to  the  vortex  sheet  shape  in  regions  of  extreme  streamline 
curvature  or  curvature  gradient  which  occur  near  the  duct  stagnation  points  and  near  the  hub  nose. 

The  comparison  between  the  calculations  in  uniform  flow  and  in  the  shear  flow  at  the  same  propeller 
loading  (thrust  identity)  is  shown  in  Figs.  9  and  10.  Fig.  4  shows  the  locations  of  the  slipstream  vortex 
sheets  calculated  with  the  disk  circulation  distribution  1.  The  results  show  that  there  is  a  much  lower 
rate  of  decrease  of  the  radial  velocity  with  the  distance  to  the  ducted  propeller  in  the  shear  flow  case. 
From  Fig.  10  it  can  be  concluded  that,  for  the  same  propeller  radial  load  distr ihut ion,  the  effect  of 
shear  tends  to  decrease  the  thrust  ratio  between  propeller  and  duct. 

The  comparison  between  the  calculated  and  measured  axial  velocity  profiles  at  three  different 
locations  upstream  and  downstream  of  the  ducted  propeller  are  shown  in  Figs.  11  to  13.  Tt  may  be  concluded 
that  tile  agreement  between  the  calculations,  assuming  circulation  distr .tion  1,  ar.d  the  measured  profiles 
is  reasonable  at  the  highest  propeller  loading,  but  worsens  as  the  propeller  load  decreases.  Although  the  real 
circulation  distributions  of  the  propeller  at  various  toad ings  have  not  been  established  in  this  work,  it 
is  known,  from  comparison  with  a  companion  study  in  uniform  flow  (Ref.  18),  that  the  position  of  the 
maximum  value  of  circulation  moves  radially  inwards  with  decreasing  propeller  loading  in  the  case  of  shear 
flow.  To  illustrate  the  sensitivity  of  the  computed  velocity  field  to  the  radial  circulation  distribution, 
the  -esults  of  the  calculations  with  th“  circulation  distribution  2,  are  also  shown  in  the  figures.  It 
can  be  seen  that  the  effect  of  the  circulation  distribution  on  the  induced  velocities  is  very  large  inside 
the  propeller  slipstream.  This  result  points  out  to  the  need  for  determining  the  correct  rad ial  circulat ion 
distribution  of  the  propeller.  It  should  be  reminded  that  the  traverse  made  upstreamof  the  ducted  propeller 
was  performed  at  a  very  small  distance  from  the  duct  leading  edge.  With  the  radial  stepsize  employed  in 
the  calculations,  the  axial  velocity  gradients  near  de  leading  edge  could  not  be  resolved.  Also,  the  due t 
viscous  wake  has  not  been  model led,  so  that  the  calculations  are  not  expected  to  be  accurate  in  that  region 
(region  of  strong  velocity  deficit,  about  r/K  *  l . 1  in  Figo.  12  3nd  13). 

The  comparison  between  the  computed  and  measured  duct  forces  is  given  in  Table  2.  The  discrepancies 
are  very  large,  even  at  the  highest  propeller  loading  in  which  the  correlation  for  the  velocity  field  is 
reasonable.  Although  the  viscous  effects  on  the  duct  are  not  known,  there  is  a  tendency  toward  a  consistent 
overestimation  of  the  duct  forces  by  the  theory.  The  uncertainty  in  the  propeller  circulation  distribution 
cannot  explain  the  discrepancies.  In  fact,  although  it  has  a  considerable  influence  in  the  velocity  field 
calculated  inside  the  slipstream,  it  appears  to  have  a  much  smaller  effect  on  the  duct  forces.  No  clear- 
-cut  explanation  of  the  discrepancies  can  be  given,  although  two  essential  difficultly  with  the 
application  of  the  present  method  may  well  be  responsible  for  the  found  differences.  The  first  relates  to 
the  particular  discretization  of  the  wake  profile  and  the  total  head  cf  the  duct  stagnation  stream 
surface.  In  fact,  the  difference  in  duct  force,  obtained  if  the  duct  stagnaLion  stream  surface  is  traced 
in  consecutive  intervals  of  totaL  head  far  upstream,  is  of  the  order  of  magnitude  of  the  differences 
between  Che  theoretical  and  experimental  results.  Second,  the  circulation  around  the  duct  contour  is 
controlled  by  the  Kutta  condition  at  the  duct’s  trailing  edge.  For  this  particular  duct,  which  has  a  thick 
round  trailing  edge,  the  choice  of  the  rear  stagnation  point  (which  was  the  particular  form  of  the  Kutta 
condition  used  in  this  study)  remains  arbitrary  to  a  certain  extent. 


5.  CONCLUDING  RENARKS 

A  theoretical  model  based  on  the  axisymmetric  tuler  equation  has  been  applied  to  study  the  effects  of 
inflow  radial  non-uniformity  on  the  performance  of  a  ducted  propeller.  The  two  coupled  integral  equations  >' 

governing  the  problem  were  solved  numerically  by  a  discrete  vortex  sheet  method.  Although  the  met,  od  was  j 

not  applied  to  resolve  in  detail  all  flow  regions,  a  characterization  of  the  effects  of  axisymmetric 
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shear  on  the  performance  of  the  ducted  propeller,  has  been  given.  The  agreement  with  the  measured  velocity 
field  is  reasonable,  considering  the  uncertainties  of  the  propeller  radial  load  distributions.  Since  for 
ducts  with  a  round  trailing  edge,  inviscid  flow  theory  provides  with  no  means  of  determining  the  duct 
circulation,  an  accurate  prediction  of  the  forces  acting  on  the  duct  remains  a  difficult  task. 
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TABLE  2:  Measured  and  calculated  forces  on  duct  i 7 
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Kit;.  1.  Schematic  representation  of  the  discrete  vortex  sheet  model  lor  a  ducted  propeller  ir.  a  ners- 
-uniform  wake  flow. 


Fig.  i:.  computational  gr..a  tor  awCeaiuitne  tracing  auu  u * scretization  of  vortex  sheets. 
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SUMMARY 

Equations  which  describe  the  unsteady  motion  of  bluff  bodies  through  fluids  contain  certain  components 
termed  added  mass  coefficients,  which  can  only  be  determined  by  experiment.  From  the  solutions  to  such 
equations  the  ways  in  which  the  shapes  of  parachute  canopies  influence  the  frequency  of  their  oscillatory 
motion  in  pitch  and  their  corresponding  damping  rates  are  required.  Although  a  full-scale  parachute  canopy 
descends  through  air,  oscillating  in  pitch  as  it  docs  so,  experiments  necessary  to  determine  these  added 
mass  coefficients  have  been  performed  under  water,  using  for  this  purpose  a  large  ship  tank  from  the  towing 
carriage  of  which  the  model  parachute  canopies  were  suspended.  These  experiments  showed  that  the  added  mas: 
coefficients  for  bluff  parachute  canopies  differed  appreciably  from  their  corresponding  potential  flow 
values.  The  latter  were  obtained  from  the  analysis  of  inviscid  fluid  flow  round  regular  shapes  which  were 
representative  of  those  parachute  canopies.  The  significance  for  the  prediction  of  the  parachute's  dynamic 
behaviour  in  pitch  of  these  differences  is  outlined. 

NOMENCLATURE 

a  Dimensionless  velocity- component  of  force 

Total  normal  aerodynamic  force  coefficient  developed  on  the  immersed  body 
CT  Total  tangential  aerodynamic  force  coefficient  developed  on  the  immersed  body 

[Cj.]y  Velocity-ucp-.tdent  component  of  the  tangential  aerodynamic  force  coefficient  in  unsteady  flow 

D0  Nominal  diameter  of  parachute  canopy 

F(t)  Instantaneous  force  acting  on  the  immersed  body 

F.  Inertia  force  acting  on  the  immersed  body 

Fy  Total  force  acting  on  the  immersed  body 

k  Added  mass  coefficient  k=a/pf  y 

kjj  Added  mass  coefficient  in  the  canopy  axis  of  symmetry  direction,  caused  by  linear  motion 

in  that  direction 

k_^  Added  mass  coefficient  in  the  canopy  transverse  direction,  caused  by  linear  motion  in 
that  direction 

m  Mass  of  system  under  consideration 

S  Representative  area  of  the  immersed  body 

T  Period  of  oscillation 

VC t)  Instantaneous  velocity  of  the  immersed  body 
Vy  Oscillatory  velocity  component  in  the  transverse  direction 

Vq  Maximum  amplitude  of  immersed  body  velocity 

Vp  Resultant  velocity  of  the  immersed  body 

Vg  Steady  descent  velocity 

V.j.  Oscillatory  velocity  component  in  the  axial  direction 

a  Added  mass  of  the  immersed  body  also  angle  of  attack 

p^.  Density  of  the  fluid  in  which  the  body  is  immersed 

y  Representative  volume  of  immersing  fluid  displaced  by  the  body.  For  a  parachi te  canopy 

V="[>o/12 


INTRODUCTION 

In  order  to  predict  satisfactorily  the  amplitude  and  the  frequency  of  the  pitching  oscillations  accom¬ 
panying  the  descent  motion  for  a  system  comprising  a  parachute  canopy  and  its  payload,  the  relevant 
equations  of  motion  must  first  be  established.  If  for  the  purposes  of  simplicity  the  canopy  and  payload 
arc  considered  as  two  rigidly-connected  components  of  a  single  system  then  the  dynamics  of  the  latter  can 
be  expressed  in  six  component  equations,  three  of  which  represent  translational  motion  and  three  rotational 
motion.  Each  equation  of  motion  consists  of  terms  which  represent  either  aerodynamic,  gravitational  or 
inertial  forces  and  moments.  Though  the  latter  two  terms  can  be  formulated  readily,  the  aerodynamic 
forces  and  moments  acting  on  an  unsteadily-moving  bluff  body,  with  an  instantaneous  acceleration  as  well 
as  an  instantaneous  velocity,  arc  also  required.  For  a  bluff  body  like  a  parachute  canopy,  whose  mass  is 
of  the  same  order  as  that  of  the  fluid  which  it  displaces,  these  unsteady  aerodynamic  forces  and  moments 
are  not  generally  determinable  analytically.  Thus,  the  purpose  of  the  experimental  programme  which  is  to 
be  described  is  to  determine  these  aerodynamic  terms. 
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1.  AERODYNAMIC  FORCES  AND  MOMENTS  ACT  INI.  ON  UNSTEADILY-MOVING  RI.UfT  BODIES 


When  an  immersed  body  moves  unsteadily  through  a  real  and  incompressible  fluid  Iverson  f»  Ralent  , 
among  others,  have  modelled  the  instantaneous  component  of  the  aerodynamic  force  developed  in  a  given 
direction  F(t)  in  terms  of  a  component  depending  on  the  body's  instantaneous  resultant  velocity  VRftl  to¬ 
gether  with  a  second  component,  termed  the  added  vacs,  which  depends  on  its  instantaneous  acceleration  in 
a  given  direction,  V(i).  Thus: 

Fftl  >  '/jOSaVjjCt)  *  kofV  Vft)  fU 

where  p  denotes  the  density  of  the  fluid  in  which  the  body  is  immer  ed  while  S  and  V  respect i  ely  denote 
a  representative  area  and  a  representative  volume  of  the  immersed  body.  This  expression,  in  which  a  and  1. 
are,  as  yet,  two  undetermined  dimensionless  coefficients,  derives  from  the  proportionality  to  Y«-  in  steady 
flow  of  the  component  of  aerodynamic  force  in  a  given  direction  and  the  proportionality  to  V  o*  a  componen 
of  aerodynamic  force  which  can  be  shown  to  be  developed  on  an  immersed  body  moving  unsteadily  through  an 
ideal  fluid. 


For  model  parachute  canopies  the  coefficients  a  and  k  are  to  be  determined  experimentally.  Unwove r, 
in  such  an  experiment  the  aerodynamic  force  Fftl  is  not  the  only  force  which  acts  <n  the  system,  comprisin' 
the  canopy  and  its  support.  Because  this  whole  system  of  mass  m  moves  unsteadily,  an  inertia  force, 
Fj»-mV,  also  acts  on  it.  Thus  the  total  external  force  Fy  to  be  applied  to  the  system  equals  1 and  can 
be  written: 

Ft  -  !/7DfSaVpft)  ♦  (kOf-V  +  ml  Vft)  (2) 

Any  experimental  method  of  determining  the  coefficients  a  and  k  depends  on  measurement  of  instanta¬ 
neous  values  of  Fy  together  with  corresponding  instantaneous  values  of  VR  and  V.  The  technique  adopted  is 
by  mounting  the  model  parachute  canopy  on  to  one  end  of  a  stiff  sting,  the  opposite  end  of  which  is  strain 
gauged.  To  this  latter  end  the  desired  instantaneous  motion  is  imparted  to  the  model.  To  determine  the 
coefficient  k  it  is  first  necessary  to  separate  the  effects  of  the  two  acceleration-dependent  teiuis  Ip 
Eq.(2).  F.ven  if  the  mass  of  the  model  were  very  small  compared  with  its  added  mass,  kopV  the  mass  of  its 
supporting  sting  when  compared  with  that  of  the  representative  volume  of  air  displaced  by  the  parachute 
canopy  could  not  be  considered  to  be  negligible. 


By  testing  the  model  canopy  under  water  rather  than  in  air  and  then  by  shrouding  thi  support  stint' 
so  that  any  aerodynamic  forces  which  might  be  developed  on  it  would  be  of  no  significance,  the  term  kppV 
can  be  increased  by  nearly  three  orders  of  magnitude  without  materially  altering  the  inertia  force 
developed  on  the  sting.  Provided  that  these  tests  are  scaled  correctly,  so  that  under  water  the  model 
behaviour  is  properly  representative  of  the  prototype  in  air,  the  use  of  water  facilities  for  these  aero- 
dynamic  studies  considerably  simplifies  the  measurement  technique  to  be  adopted. 


Once  the  decision  has  been  taken  to  test  the  parachute  models  under  water,  the  use  of  water 
facilities  rather  than  a  wind  tunnel  becomes  increasingly  attractive  on  the  grounds  of  what  is  more 
readily  available  to  an  experimentalist  concerned  with  the  aerodynamic  forces  and  moments  developed  on 
bluff  pafachute  canopies.  Probably  the  biggest  single  problem  in  determining  aerodynamic  forces 
developed  on  models  of  bluff  bodies  like  parachute  canopies  is  that  of  blockage  constraint.  It  would  be 
unwise  to  make  measurements  in  a  constrained  environment  in  which  the  blockage  area  ratio,  defined  as  the 
ratio  of  the  cross-sectional  area  of  the  bluff  body  under  test  to  the  cross-sectional  area  of  the  fluid 
stream  at  the  body  location,  exceeded  about  7.5%,  thus  for  a  small  model  of  a  parachute  canopy,  having  a 
projected  diameter  of  600  mm  say,  the  appropriate  minimum  cross-sectional  area  for  a  wind  tunnel  working 
section  would  be  about  3.5m2,  say  7.0  ft.  diameter.  To  attain  rull-scale  Reynolds  number  the  working 
section  wi-vl  speed  would  need  to  be  about  60  ms"1,  c/  about  20u  ft. sec-1.  It  would  he  difficult  to  assess 
the  power  icquirement  adequately  for  such  a  facility  but  experience  suggests  it  would  be  at  least  H' 
(120  h.p.)  and  this  exceeds  the  scope  of  most  teaching  establishments  such  as  the  University  of  J.cicester. 


By  contrast,  the  power  required  to  propel  a  bluff  body  through  otherwise  stationary  water  can  be 
rather  more  modest.  In  the  test  programme  to  be  described  model  parachute  canopies  were  moved  unsteadily 
under  water  in  the  61.0  m.C200  ft.)  long  ship  tank  shown  in  Fig.fl).  This  ship  tank  is  located  at  The 
Institute  of  Higher  Education,  Southampton,  England.  Tt  has  a  cross-sectional  area  of  3.66  m.(12  ft.)  x 
1.83  m. (6  ft.).  In  such  a  facility  full  scale  Reynolds  number  around  model  parachute  canopies  fixed  to 
the  ship  tank  towing  carriage  would  be  attained  at  carriage  velocities  of  about  15  ms-1,  with  a  power 
requirement  dependent  on  the  complexity  of  the  Lowing  carriage  but  of  the  order  of  only  about  one-half 
that  required  for  the  corresponding  wind  tunnel.  The  ship  tank  used  was  originally  designed  for  the 
testing  of  streamlined  ship  hulls,  thus  considerably  less  power  than  this  was  available  at  the  towing 
carriage.  However,  since  early  flow  separation  occurs  from  bluff  parachute  canopies,  achievement  of 
Reynolds  numbers  of  about  one-tenth  full  scale  or  greater  was  quite  adequate  for  test  purposes. 


There  are  thus  good  reasons  why  the  required  experimental  programme  was  undertaken  under  water  in  a 
ship  tank  rather  than  in  a  large  and  thus  costly  wind  tunnel  facility. 


fiq.l  Th*  Mp  Tewing  Tank  of  the  knftfwf*  of  Mgher  Uucatlon, 
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SC; \t, INC  MODEL  TESTS 

To  obtain  results  which  can  be  applied  to  the  prototype  parachute  canopy,  the  model  must  be  both 
geometrically  and  dynamically  similar  to  the  prototype.  Geometric  similarity  implies  accurate  modelling 
of  the  full-scale  canopy  shape,  inclusive  of  canopy  flexibility  and  porosity.  Achievement  of  the  necessary 
porosity  is  discussed  in  Section  4.  To  measure  aerodynamic  forces  and  moments  means  must  be  found  to  trans¬ 
mit  internal  forces  and  moments  from  the  parachute  canopy  to  the  strain  gauge  transducers.  In  these  test: 
a  rigid  extension  to  the  support  sting  was  carried  through  a  grommet  at  the  apex  of  the  canopy,  at  which 
point  aerodynamic  forces  and  moments  could  be  transferred  from  the  canopy  to  the  sting  extension,  to  the 
suspension  line  confluence  point,  where  aerodynamic  forces  and  moments  transmitted  through  these  suspension 
lines  could  be  transferred.  This  sting  extension  undoubtedly  const: icted  the  model  canopy,  indeed  in 
giving  it  rigidity  it  may  well  have  helped  to  ensure  geometric  similarity  of  the  otherwise  flexible  canopy. 
There  is  no  evidence  that  it  does  so  in  a  manner  which  is  at  all  unvepresentati'’*'  of  the  full-scale  proto¬ 
type  canopy. 

To  achieve  dynamic  similarity  not  only  must  the  model  Reynolds  number  hased  on  the  towing  carriage 
velocity  t*,  approximately  that  lor  the  prototype  motion  but  the  oscillatory  motion  must  also  be  to  scale, 
that  is,  the  ratio  of  towing  carriage  velocity  to  maximum  oscillator)'  velocity,  or  reduced  velocity,  must 
be  approximately  scaled.  For  a  scale  model  with  scaled  oscillation  amplitude  Sarpkaya  and  Isaacson^  have 
shown  that  this  reduced  velocity  is  a  function  of  the  Keul egan-Carpenter  number,  V0T/P0,  where  V0  is  the 
maximum  velocity  amplitude  for  the  immersed  body  and  T  is  the  oscillation  period.  For  the  test*  here 
described  the  periodic  motion  mechanism  applied  sinusoidal  oscillations  to  the  system  for  which  the 
reduced  velocity  was  about  5:1.  At  this  value,  in  transverse  motion  the  model  parachute  canopy  oscillated 
through  angles  of  attack  of  about  HO  degrees.  Under  these  cond;*ions,  Sarpkaya  ami  Isaacson  indicated 
that  »'oth  the  velocity-dependent  force  components  (first  term  on  r.h.s.  in  Fq.(2)1  and  the  inertia 
components  (second  term  on  r.h.s.  in  Fq.(2))  may  well  be  significant. 

5.  METHODS  OF  MEASURING  THE  VELOCITY- DEPENDENT  COEFFICIENTS  IN  UNSTEADY 
MOTION  AND  THE  ADDED  MASS  COEFFICIENTS 

By  means  of  the  strain-gauged  sti.g  the  parachute  canopy  model  was  connected  via  the  simple  harmonic 
motion  generating  mechanism  shown  in  Fig. (2)  to  the  ship  tank  towing  carriage.  The  sting  was  rigidly 
attached  to  the  U-shaped  clamp  shown  on  the  right  of  this  figure.  In  this  way  the  steady  velocity  of  the 
towing  carriage  was  made  to  represent  the  canopy's  steady  descent  velocity  Y$  and  the  oscillatory  motion 
representative  of  the  canopy's  pitching  motion  during  descent  could  be  generated  and  superimposed  on  this 
steady  velocity.  By  rotating  the  circular  turntau1*'  shown  in  the  figure,  periodic  motion  could  he 
parted  in  any  required  direction  to  the  canopy. 

For  the  two-dimensional  motion  of  a  fully-inflated  parachute  cam<[  y  shown  in  Fig.  (51,  the  resultant 
velocity  Yr  can  be  represented  by  a  steady  descent  velocity  Vs  together  with  a  periodic  oscillatory 
motion  which  possesses  a  componen-  Vj  along  the  canopy  axis  of  symmetry  and  a  component  \\  at  right  angles 
to  this  axis.  First  consider  the  canopy  to  be  at  cero  angle  of  attack  and  the  oscillatory  morion  to  be 
entirely  in  the  axis  of  symmetry  direction. 
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VR(t)  =  Vs  ♦  VT(t)  (3) 

V(t)  =  dVT(t)/dt  ,  Ml 


fiy.l  ftochonfam  Ihod  fa  Impart  ftnpft  Harmonic  Motion 

to  It*  ftrairt-yauyod  Canopy  fupporfWtq  (liny 

A  mean  value  of  the  coefficient  a,  which  in  this  case  represents  the  ve locity-dorender'  part  of  the 
tangential  rjrce  coefficient  O x .  can  be  determined  hv  multiplying  through  in.  (11  by  Y  (tl  and  integrating 
the  resulting  equation  with  reject  to  time,  when  since 


/„l-’VT(t)V(tlldt  =. 

ivpj  -  ■> 

(SI 

then 

a  =  CT 

/J(l--(t)VT(t)dt  /  V:of^(t)VT(tldt  . 

«0 

Simi larly , 
direction  of  the 
integrating  with 

the  coefficient  k,  which  in  this 
canopy  axis  of  symmetry  kj|,  is 
respect  to  time,  for  as 

case  represents  the  added  mass  coefficient 
given  bv  multiplying  ha .(11  through  by  Vftl 

in  the 
before 

'„[Vj;(t)Y(t)ldt  = 

«  *  -vsV  *  v?ldt 

- 

f's^T  *  's't  *  '  r,/3b  =  0 

ri 

then 

k 

kn  -  -'Jfl:,(t)V(t)|dt  /  ^Yf’v:(tldt 

.  m 

Now  consider  the  parachute  to  be  at  zero  angle  of  attack  and  the  oseillatorv  motion  to  be  entirely 
in  the  transverse  direction,  at  right  angles  to  the  axis  of  symmetry. 

v  R  ft)  =  (V*  *  V‘ftj]0,5  (91 

V(t)  dVN(t)  /  dt  .  (ini 

As  the  parachute  canopy  oscillates  its  instantaneous  angle  of  attack  o(t)  is  given  by: 

oft)  =  VN/VS  (111 

and  for  small  values  of  angle  of  attack 

a  =  C.,  =  (3C )  (121 

N  N  \  S 


Then 


and 


Then : 


and 


Then,  by  multiplying  F.q.(l)  through  bv  V^ftl: 


(3CN/3n)  =  /J|F(tlV  (tl  |dt  /  ‘/^fSiJv^ltlvJltldt  .  (131 
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In  the  same  way,  the  coefficient  k,  which  now  represents  the  added  mass  coefficient  k__,  is  given  by 
multiplying  Eq.(l)  through  by  V(t)  before  integrating  with  respect  to  time: 

k  =  kJ3  *  /JrFrOV(t)Jdt/  ofv/Jv2(t)dt  .  (14) 


4.  I-ACK  OF  GEOMETRIC  SIMILARITY.  THE  POROSITY  OF  PARACHUTE  CANOPIES 

The  nominal  porosity  of  parachute  canopy  fabric  is  determined  by  measuring,  at  a  known  pr-  ssure 
difference,  the  discharge  of  air  through  unit  area  of  the  fabric.  In  Britain  this  pressure  deference  is 
10  inches  of  water;  in  the  United  States  and  in  mainland  Europe  it  is  0.5  inches  of  water.  Since  this 
discharge  will  depend  on  the  properties  of  the  fluid  flowing  through  the  fabric,  its  porosity  in  water 
will  differ  significantly  from  its  porosity  in  air. 


The  porosity  of  parachute  fabric  has  a  small  effect  on  the  magnitude  of  the  tangential  force  co¬ 
efficient  Cj  but  a  marked  effect  on  the  magnitude  of  the  normal  force  coefficient  C^.  The  directions  of 
these  steady  state  aerodynamic  coefficients  are  shown  in  Fig. (3).  Since  the  magnitude  of  CN  will  affect 
that  of  the  rate  of  change  of  normal  force  coefficient  with  angle  of  attack,  measured  at  zero  angle  of 
attack  (dCjg/da)asfo°,the  selection  of  a  canopy  fabric  having  an  appropriate  porosity  is  an  important 
way  of  ensuring  that  (dCN/da)co°  is  positive  and  thus  that  the  canopy  exhibits  static  stability  in  pitch. 
Because  fabric  porosity  is  influenced  by  the  test  medium,  wrong  conclusions  about  parachute  stability  can 
be  drawn  from  wests  on  canopies  performed  under  water. 


This  point  is  illustrated  in  Fig. (4).  In  this  figure  characteristics  have  been  drawn  showing  the 
variation  of  the  coefficient  with  angle  of  attack  for  three  different  canopies,  all  of  the  same  shape. 

In  air,  canopy  (a)  is  of  negligible  porosity,  canopy  (b)  of  average  porosity  and  canopy  (c)  is  very  porous. 
Whether  determined  in  air  or  in  water  the  characteristics  of  canopy  (a)  indicate  static  instability  in 
pitch.  Correspondingly,  both  in  air  and  in  water  canopy  (c)  exhibits  static  stability.  But  canopy  (1>) 
exhibits  static  stability  in  air  but  static  instability  in  water. 


The  reason  for  this  difference  is  evident.  For  a  given  pressure  difference  laminar  flow  through  the 
pores  of  the  fabric  is  inversely  proportional  to  the  viscosity  of  the  fluid  flowing.  Since  the  viscosity 
of  water  is  some  50  times  that  of  atmospheric  air  the  discharge  of  water  through  canopy  (b)  will  be 
.'egligible,  making  it  effectively  imporous .  Dimensional  analysis  reveals  that  the  conditions  under  which 
the  discharge  through  the  pores  is  inversely  proportional  to  the  viscosity  are  that  the  same  material  must 
F  tested  in  the  two  effectively  incompressible  media, with  the  same  applied  pressure  difference,  at 
ffectively  identical  Reynolds  numbers  and  Euler  numbers,  Ap(l/20f\'2),  in  the  experiments  described  the 
Jynamic  pressure  with  water  discharging  did  not  differ  appreciably  from  that  made  normally  in  airflow, 
thus  the  two  Euler  numbers  were  not  dissimilar. 


This  observation  illustrates  that  aerodynamic  testing  of  models  in  other  media  than  that  in  which 
‘he  prototypes  fly  is  not  just  a  matter  of  ensuring  that  overall  Reynolds  number  similarity  has  been 
maintained. 
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5.  ANALYTIC  AND  EXPERIMENTAL  VALUES  OF  SIGNIFICANT  ADDED  MASS  COEFFICIENTS 

An  analytical  relationship  concerned  with  parachute  stability  in  pitch  and  originally  produced  by 
Poherr  and  Sa]iaris^»  has  been  reproduced  in  outline  in  Fig. (5),  The  original  relationship  was  based  on 
the  assumed  characteristics  of  an  8.5  ro.(28  ft.}  nominal  diameter  parachute  canopy  with  a  mass  of  6.7  kg 
and  a  cylindrical  payload  of  127.3  kg.  The  canopy  was  assumed  to  be  statically  stable  at  an  angle  of 
attack  of  zero  degrees  and  dC^/do  per  radian  at  zero  angle  of  attack  could  have  any  positive  value  from 
zero  to  infinity.  No  numbers  have  been  assigned  to  the  axes  in  the  figure  as  these  arc  functions  of  the 
parameters  chosen  for  the  canopy  and  its  payload. 


Stable  Unstable 
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Provided  that  dC\/da  is  positive,  the  figure  makes  clear  that  considering  the  ratio  of  k  j  j  to 
to  be  equal  to  l.fl  (curve  hi  rather  than  for  each  of  these  coefficients  to  be  zero  (curve  al  results  in  a 
small  destabilising  tendency  and  increases  the  frequency  of  the  pitching  oscillations.  If  the  ratio  of  kn 
to  k,33  exceeds  1.0  (curve  c)  this  destabilising  tendency  is  increased.  When  dC^/da  Is  large  and  positive 
t he  added  mass  coefficients  kjj  and  k 33  have  little  effect  on  dynamic  stability  characteristics,  hut  their 
values  are  of  considerable  significance  when  the  value  of  dC^/da  is  small  and  thus  marginal.  What  con¬ 
stitutes  a  marginal  value  for  dCy/da  is  itself  dependent  on  the  relative  sizes  of  the  added  mass  co¬ 
efficients,  kjj  and  k 3.3 . 

The  only  values  for  kjj  and  k33  that  can  be  established  by  analysis  arc  those  for  potential  flow 
around  a  shape  representative  of  a  parachute  canopy.  To  determine  these  values  is  rather  more  difficult 
than  might  at  first  appear.  A  range  of  analytical  values  of  from  1.6  to  2.1  has  been  determined  for  kjj 
and  is  given  in  the  literature.  A  corresponding  value  for  k 33  is  1.3.  From  potential  flow  methods  of 
analysis  there  are  therefore  grounds  for  supposing  that  for  flow  round  a  parachute  canopy  the  added  mass 
coefficient  kjj  is  marginally  larger  than  the  coefficient  fcjj. 

Some  experimental  values  determined  in  the  present  test  programme  are  given  in  Table  1.  Values 
obtained  for  the  velocity-dependent  component  of  the  tangential  aerodynamic  force  coefficient  in  unsteady 
flow,  [CtJv  and  for  the  rate  of  change  with  angle  of  attack  of  the  velocity-dependent  component  of  the 
normal  force  coefficient,  measured  at  zero  angle  of  attack,  [df^/dalu ;«(=(>0 .  are  sufficiently  close  to  stead 
flow  corresponding  values  for  latter  to  be  recommended  for  use  in  predictions  of  parachute  dynamic  motion 
in  pitch  that  is,  for  this  pitching  motion  to  he  considered  to  he  quasi -steady. 

For  the  added  mass  coefficients  in  the  direction  of  the  canopy  axis  of  symmetry,  kjj,  experimental 
values  obtained  substantially  exceed  potential  flow  evaluations  of  from  1.6  to  2.1.  The  experimental 
values  can  be  seen  to  vary  in  a  predictable  manner  with  the  volume  of  air  which  is  enclosed  within  the 
canopy.  As  the  porosity  of  the  canopy  fabric  is  increased  there  are  reductions  of  un  to  about  ]0T  from 
imporous  canopy  values  for  k^. 

The  measured  added  mass  coefficients  in  the  canopy  transverse  direction,  V  3  3 ,  are  smaller  by  an 
order  of  magnitude  at  least  from  the  corresponding  values  for  k j j .  In  fact,  in  the  programme  of  tests 
conducted  they  were  of  the  sane  order  of  magnitude  as  the  inertial  Forces  developed  on  the  canopy 
supporting  sting,  thus  thev  could  not  he  separated  with  precision  from  those  inertial  forces.  However, 


in  future  tests  conducted  in  the  Southanipton  ship  tank  measurements  of  the  transverse  added  mass  co¬ 
efficient,  kjj,  will  be  made  using  parachute  canopies  that  are  of  twice  the  present  nominal  diameter 
increasing  by  eight  times  the  added  mass  component  in  the  transverse  direction  while  only  marginally 
increasing  the  corresponding  inertial  forces. 

Table  1:  EXPERIMENTAL  CHARACTERISTICS  OF  PARACHUTE  CANOPTFS 
IN'  ST  FA  DY  ANO  UNSTEADY  MOTION 
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6.  CONCLUSIONS 

In  these  tests  conducted  on  model  parachute  canopies  in  which  water  facilities  were  used  rather  than 
the  air  as  the  test  medium,  two  advantages  and  one  disadvantage  are  apparent : 

Advantages 

1.  In  unsteady  motion,  testing  under  water  rather  than  in  air  leads  to  easier  separation  of 
acceleration-dependent  aerodynamic  forces  from  inertial  forces,  since  the  former  are  dependent  on  the 
mass  of  the  fluid  displaced  by  the  models  while  the  latter,  developed  on  both  the  immersed  body  and  its 
support,  depend  on  the  mass  of  that  immersed  body  and  its  support. 

2.  Ship  towing  tanks  constitute  large  test  facilities  in  which  bluff  bodies  can  be  tested  without  sig¬ 
nificant  blockage  constraint.  Because  the  model  bluff  bodies  rather  than  the  immersing  fluid  is  moved  bv 
the  power  source,  it  is  probable  that  these  facilities  use  rather  less  power  than  do  wind  tunnels  having 
working  sections  of  corresponding  sizes. 

Disadvantage 

Since  use  of  a  fluid  medium  which  differs  from  that  in  which  the  rrotott-pe  flies  can  introduce  un¬ 
expected  scaling  problems,  when  using  water  facilities  care  must  bo  taken  in  considering  the  relevant 
dimensionless  groups  which  influence  the  required  aerodynamic  characteristics.  Tn  the  problems  considered 
the  Euler  number,  Ap/fVjpgV2) ,  is  a  significant  hut  unexpected  independent  dimensionless  parameter. 
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Summary 


Flow  within  the  combustion  chamber  of  a  ramrocket  has  been  investigated  using  water  flow  visualisation 
with  air  bubbles  as  tracers.  Configurations  with  four  axisymmetric  intakes  entering  the  combustion 
chamber  at  either  43°  or  9U®  have  been  considered.  A  region  of  stable  recirculatory  flow  has  been 
identified  at  the  head  end  of  the  combustion  chamber  and  estimates  have  been  obtained  of  the  amount 
flowing  through  the  recirculation  region,  based  on  this  information  fuel  jets  have  been  designed  which 
it  is  believed  will  aid  ignition,  secure  flame  stability  and  improve  combustion  efficiency.  The  interaction 
between  fuel  jets  and  the  recirculatory  air  flow  has  been  tentatively  Investigated  on  flow  visualisation 
tests  using  jets  of  coloured  water. 


1  •  Introduction 

in  recent  years  the  application  of  the  airbreathing  concept  to  rocket  propulsion  has  gained  increasing 
prominence  as  a  means  of  obtaining  increased  fuel  efficiency.  1M1  Summerfieid  has  considerable  experience 
in  research,  development  and  production  of  solid  propellant  rocxet  motors,  using  the  cast-doubie-base 
technique,  and  is  currently  engaged  in  a  research  programme  on  the  integrated  ramrocket  as  the  design 
of  this  type  of  airbreathing  motor  requires  expertise  in  solid  propellant  technology. 

Airbreathing  motors  can  basically  be  broken  down  into  three  types,  according  to  the  range  of  missile 
flight  speeds  within  which  each  operates  most  effectively.  Firstly  there  is  me  turbojet  which  operates 
within  the  high  subsonic  to  low  supersonic  CM  U.7  -  M  1.3!  regime.  Next,  in  a  group  together,  are 
the  ramrocket  (also  known  as  a  ducted  rocket! ,  the  liquid  fuel  ramjet  and  the  solid  fuel  ramjet  which 
all  operate  at  low  to  middle  supersonic  flight  Mach  number  (M2  -  M  4).  Finally  there  is  the  so-called 
Scram jet  whicn  operates  in  the  hypersonic  regime  (M  5  -  M  7). 

by  definition,  an  airbreathing  missile  takes  in  air  from  trie  atmosphere  to  provide  oxygen  necessary 
tor  combustion  with  fuel  that  is  already  stored  wituin  the  missile.  It  the  forward  velocity  oi  the 
missile  is  high  enough  (M>2)  then  ttie  ram  effect  of  the  air  will  provide  a  combustion  chamber  pressure 
high  enough  to  sustain  combustion  and  produce  a  propulsive  thrust,  as  in  the  ramrocxet.  For  flight 
Mach  numbers  less  than  M  1.3  a  compressor  is  necessary  to  generate  an  adequate  combustion  chamber 
pressure,  as  in  the  turbojet. 

l'nis  paper  is  concerned  specifically  with  me  design  of  a  combustion  chamber  tor  a  ramrocket  having 
4  axisymmetric  side  intakes  mounted  as  shown  in  Fig.  i.  Within  this  combustion  chamber  air  from  the 
atmosphere  is  mixed  with  hot,  partially  combusted,  fuel  obtained  ; rom  the  combustion  in  a  separate 
chamber  of  a  gas  generator  containing  a  solid  fuel-rich  propellant  charge.  To  decouple  the  gas  generator 
performance  from  the  conditions  within  the  ramrocket  combustion  chamDer  (ram  combustor!  the  fuel  supply 
is  choked  to  sonic  velocity  on  leaving  the  gas  generator.  Tne  products  of  combustion  from  the  ram 
combustor  are  exhausted  to  atmosphere  at  supersonic  velocity  through  a  convergent-divergent  nozzle 
to  produce  motor  thrust. 

2 .  Design  aims 

The  design  aims  of  a  ramrocket  combustion  chamber  are  to  utilise  the  aerodynamics  of  its  internal 
fluid  flow  to  achieve  efficiently  and  simply  the  following  objectives: 

i!  flame  stability, 
ii!  good  combustion  efficiency 

and  ill)  ignition  between  fuel  and  ram  air  within  a  short  time,  say  0.3s,  of  the  two  flows  coming 
into  contact.  In  the  event  of  subsequent  flame-out  reignition  is  also  a  requirement.  Lf  at  all  possible, 
depending  on  the  temperature  and  composition  of  the  efflux  from  the  gas  generator,  this  requirement 
becomes  one  for  autolgnition. 

i .  Flow  visualisation  equipment 

As  a  first  practical  step  to  achieving  the  objectives  stated  above  water  flow  visualisation  trials 
have  been  carried  out  to  try  to  identify  the  basic  flow  pattern  that  ram  air  would  have  in  the  6ame 

design  of  chamber,  for  it  is  considered  that  there  is  some  commonality  in  the  design  criteria  for 

a  ramrocket  combustion  chamber  and  a  gas  turbine  combustor  where  water  flow  visualisation  is  a  well 
established  design  tool  used  to  Identify  the  location  and  approximate  strengths  of  stable  recirculatory 
flow  areas  in  the  combustion  chamber.  Thus  it  is  considered  that  the  existence  of  any  such  flows  In 
a  ramrocket  combustion  chamber,  if  they  exist,  might  be  used  in  a  similar  manner  to  the  gas  turbine 
by  designing  the  fuel  flow  to  feed  directly  into  suitable  reel rculatlon  regions  to  give  a  favourable 
local  fuel/air  mixture  ratio  whilst  at  the  same  time  enhancing  the  flow  pattern.  In  this  way  good 
mixing  will  be  achieved  whicn  is  necessary  for  ignition  and  good  combustion  efficiency  and  the  recirculation 
itself,  provided  it  is  stable,  will  act  as  a  pilot  zone  and  stabilise  the  flame.  A  water  flow  visualisation 
model  was  manufactured  that  could  be  used  in  tne  Flow  Visualisation  Facility  at  Cranfield  Institute 
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of  Technology.  Part  of  this  facility,  snown  in  the  diagramatic  view  Fig.  2.  is  capable  of  supplying 
aerated  water  pumped  from  a  large  storage  tank  at  variable  flow  rates  up  to  23  1/s  (JUU  gai/min). 

The  size  of  the  entrained  air  bubbles  can  be  varied  to  suit  the  conditions  that  are  required.  Large 
bore  rigid  pipework  and  flexible  hose  connects  the  storage  tank  to  the  model  via  control  valves.  Overflow 
water  from  the  model  is  returned  to  the  storage  tank  for  re-use. 

A  view  of  the  model  with  the  pipework  and  control  valves  in  the  background  is  shown  in  Fig.  J. 

The  full  scale  model  was  made  in  Perspex,  acrylic  sheet  and  tube,  and  consists  of  a  flow  tank  381  mm 
(15")  square  x  711  mm  (28")  high  which  Is  mounted  on  a  stand  allowing  the  water  supply  to  be  fed  into 
it  through  its  381  mm  (15")  square  base  plate.  A  perforated  distribution  plate  was  mounted  63.3  ram 
(2.5")  above  the  base  plate  to  stabilise  and  direct  the  flow  of  water.  The  body  tube  incorporating 
the  appropriate  inlet  configuration  is  supported  from  the  top  plate  by  a  mounting  flange  that  enabled 
it  to  be  removed  from  the  flow  tank  and  changed  easily  and  quickly.  The  Perspex  body  tube  is  made 
in  such  a  way  that  a  plate  in  the  lower  end,  the  end  simulating  the  forward  closure  of  the  ramrocket 
combustion  chamber,  can  be  moved  up  and  down  In  the  tube  thus  varying  its  distance  from  the  fixed 
inlets.  Holes  through  this  plate  allow  coloured  water  to  be  forced,  from  pressurised  storage  tanks 
mounted  on  the  support  stand,  into  the  body  tube  in  different  positions  to  simulate  the  injection 
of  the  fuel  rich  gas  in  the  ramrocket  combustion  chamber.  These  features  are  considered  necessary 
to  determine  the  effect  that  each  feature,  and  its  relative  position,  has  on  the  location,  size  and 
strength  of  the  flow  patterns  within  the  model. 

In  order  to  visualise  the  flow  patterns  clearly  in  the  required  planes  and  to  enable  photograpns  to 
be  taken  for  record  purposes  a  bright  light  source  was  provided  in  the  form  of  a  slim  elongated  beam. 

Fig.  4  shows  a  sketch  of  the  model  wicn  the  light  source.  The  beam  of  light  illuminates  the  activity 
within  its  path  by  reflecting  light  off  individual  bubbles.  It  was  found  that  by  viewing  the  areas 
of  interest  in  semi-darkness,  at  an  approximate  angle  of  120°  from  the  plane  of  the  light  beam  the 
flow  patterns  showed  up  most  clearly.  Photographs  and  videos  of  the  flow  patterns  in  the  areas  of 
interest  were  taken  for  record  purposes.  The  best  photographs  were  obtained  with  long  exposure  times, 
individual  bubbles  while  In  the  beam  of  light  showing  up  as  lines  indicating  very  clearly  the  flow 
patterns  that  existed.  Very  good  results  were  obtained  with  video,  the  flow  patterns  being  seen  more 
clearly  than  by  normal  visual  observation. 

4.  Flow  visualisation  results 

The  missile  intake  configurations  that  have  been  investigated  are  those  shown  in  Fig.  5  with  four 
axisymmetric  intakes  on  a  12U  mm  diameter  body  and  having  dump  angles  of  ■  90°  and  °*  -  45°.  Circular 
intakes  were  considered  at  both  90°  and  45°  dump  angles  and  square  intakes  at  the  45°  dump  angle. 

Tne  motor  design  was  based  on  a  requirement  to  produce  thrust  sufficient  to  overcome  drag  at  a  design 
point  of  M  2.1  at  sea  level  and  this  resulted  in  fixing  the  ratio  of  intake  internal  diameter  (di) 
to  ram  combustor  internal  diameter  (dc)  at  di/dc  *  l/J. 

The  flow  visualisation  trials  showed  for  both  intake  configurations  the  existence  of  a  toroidal 
recirculation  region  at  the  head-end  of  the  rain  combustor  in  a  region  forward  of  the  inlet  dump  plane 
as  shown  In  Figs.  5,  6  and  7.  By  observing  the  position  of  the  dividing  streamline  within  an  inlet 
one  can  estimate  the  proportion  of  the  total  amount  of  fluid  diverted  into  the  head-end  recirculation 
region;  this  was  about  302  with  the  90°  inlet  dump  angle  and  about  2U2  with  a  43°  inlet  dump  angle. 

To  investigate  the  stability  of  the  flow  pattern,  tests  were  run  with  variations  in  water  flow  rate 
from  U.76  1/s  (10  gal/min)  to  7.b  1/s  (10U  gal/mln)  and  numerous  times  at  each  flow  rate  with  the 
flow  being  turned  on  as  rapidly  as  possible.  It  was  found  that  the  same  basic  flow  pattern  established 
itself  quickly  each  time,  from  which  it  was  inferred  tnat  the  flow  pattern  was  stable.  These  flow 
rates  correspond  to  Reynolds  numbers  ot  between  10  UUU  and  100  000  which,  though  significantly  lower 
than  the  Reynolds  number  of  the  actual  air  flow,  are  high  enough  to  ensure  that  the  flow  is  fully 
turbulent. 


The  quantity  of  water  diverted  into  the  head  end  appears  to  be  directly  related  to  the  flow  area  at 
the  inlet  station  between  the  inlet  jets  and  the  motor  body  wall  through  which  any  tlow  passing  into 
the  forward  end  of  the  motor  must  pasj  as  it  returns  down  the  motor  tube.  The  situation  tor  the  9U° 
intake  configuration  is  shown  in  Fig.  8  which  is  a  cross  sectional  view  oi  the  motor  at  the  intake 
dump  plane.  The  shaded  areas  depict  the  Incoming  jets  which  meet  to  form  a  cruciform  restriction  to 
axial  flow  returning  from  the  head  end  of  the  combustor.  Thus,  flow  into  the  head  end  can  subsequently 
flow  into  the  main  body  of  the  combustor  only  through  the  unshaded  areas  in  Fig.  8. 


where  di  *  inlet  internal  diameter  at  the  dump  plane, 
dc  ■  combustor  internal  diameter. 
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In  the  present  design  di/dc  "  1/3,  as  stated  earlier  and  fixed  by  other  design  considerations,  which 
gives  a  value  from  equation  (l)  of  A  ii292.  Thus,  for  the  9U0  intake  configuration  equation  (1)  provides 
a  ready  estimate  of  the  amount  of  fl8w  into  the  forward  recirculation  region. 

A  theoretical  model  of  the  flow  field  at  the  head  end  of  this  type  of  combustor  with  any  intake  dump 
angle  has  been  developed  at  Cranfleld  Institute  ot  Technology  (Ref.  1)  and  has  given  results  in  good 
agreement  with  the  observed  figures  stated  above  for  both  9U®  and  43°  intakes. 

Another  design  parameter  under  investigation  in  tne  flow  visualisation  trials  was  the  geometrical 
size  of  the  head  end  of  the  comDustor.  Varying  the  size  of  this  region  from  l/dc  ■  u.2  to  O.o  where 
l  is  the  distance  from  the  ram  combustor  head  end  to  the  leading  edge  of  the  air  intake  (see  Fig.  d ) 
had  no  apparent  effect  on  the  amount  of  tiuid  entering  the  recirculation  region.  However,  with  increasing 


t/dc  the  shape  of  the  recirculation  does  become  distorted  to  fill  the  available  space,  as  seen 
on  Fig.  10  for  a  square  intake  configuration  at  a  45®  dump  angle.  As  before,  varying  flow  rates  and 
sudden  starting  of  the  flow  did  not  affect  the  basic  flow  pattern. 

A  value  of  l  /dc 2s  0.5  is  desirable  if  one  is  to  accommodate  a  boost  charge  in  the  ramcombustor  to 
take  the  missile  from  launch  up  to  a  velocity  at  which  the  ramrocket  will  operate.  Such  a  propulsion 
system  is  termed  an  integrated  boost  ramrocket  and  is  shown  in  Fig.  y.  The  boost  charge  in  such  a 
system  operates  as  a  conventional  rocket  motor  until  the  boost  propellant  has  finished  burning  and 
then  the  boost  combustion  chamber  becomes  the  comtustor  for  the  ramrocket.  To  facilitate  a  smooth 
transition  from  boost  to  ramrocket  it  is  desirable  to  minimise  boost  debris,  such  as  charge  inhibition, 
in  the  combustor  ana  this  can  be  achieved  by  permitting  the  boost  charge  to  burn  on  the  forward  face. 

At  the  same  time  it  is  desirable  to  protect  the  inlet  port  covers  (see  Fig.  V)  from  the  boost  motor 
environment,  doth  objectives  can  be  met  by  a  case-bonded  boost  charge  design  which  has  a  burning  web 
w  of  propellant  between  the  forward  end  of  the  charge  and  the  intake  dump  plane,  as  shown  in  Fig.  y, 
and  this  leads  to  the  requirement  f  or  (, /dc  ^  U.5  . 

TUus  the  flow  visualisation  trials  indicated  that  the  desirable  dimension  of  l/dc  =  U.5  at  the  forward 
end  is  reasonable  and  the  aesign  not  sensitive  to  small  changes. 

With  the  above  information  on  the  fLow  pattern  within  the  combustor  one  can  begin  to  design  fuel  jets 
which  deliver  a  pre-dete mined  amount  of  fuel  into  the  recirculation  region  to  give,  tor  example, 
a  local  stoichiometric  fuei/air  mixture  which  will  give  the  highest  flame  temperature  and  is  most 
readily  ignitable. 

At  the  same  time  one  can  design  the  fuel  jets  to  enhance,  rather  than  disrupt,  the  basic  air  flow 
pattern  in  the  combustor.  This  can  be  done,  for  example,  by  directing  radial  jets  into  the  portion 
of  the  recirculation  where  the  general  direction  of  flow  is  the  same  as  the  direction  of  the  fuel 
jet  flow  as  shown  in  Fig.  3.  Or,  if  some  of  the  fuel  is  to  be  delivered  directly  into  the  main  body 
of  the  combustor  then  a  sensible  design  would  be  for  the  fuel  jets  *■«  be  directed  axially  in  between 
the  cruciform  of  the  incoming  air  jets  as  shown  in  Fig.  d. 

So  far,  however,  these  ideas  for  a  combustor  design  have  been  based  only  on  an  assumed  knowledge  of 
how  air  alone  will  behave  within  the  combustor.  Yet  this  situation,  with  air  alone  flowing  through 
the  combustor,  is  probably  only  applicable  momentarily  at  the  start  of  the  ramrocket  phase  prior  to 
ignition  of  the  gas  generator,  for  after  this  there  will  be  both  air  and  fuel  flowing  in  the  combustor. 

Thus  it  would  be  desirable  to  obtain  some  confidence  that  injection  ot  fuel,  at  sonic  or  greater  velocities, 
will  not  adversely  affect  the  basic  air  flow  pattarn. 

To  demonstrate  this,  pressurised  coloured  water  jets,  simulating  the  fuel  jets,  were  ted  into  the 
combustor  superimposed  upon  the  basic  Intake  flow,  it  was  observed  that  the  two  flows  appeared  to 
mix  well  in  the  recirculation  regions  and  flow  together  into  the  body  ot  the  combustor.  It  was  noted 
also  that  there  was  a  rapid  disappearance  of  colour  from  the  recirculation  regions  once  the  'fuel' 
jets  were  turned-off  indicating  good  flow  out  of  the  recirculation.  Finally,  the  axial  jets  appeared 
able  to  penetrate  the  intake  and  recirculatory  flows  and  deliver  ’fuel'  into  the  main  body  ot  the 
combustor. 

However,  since  the  simulated  fuel  jets  were  of  water  they  could  not  attain  the  sonic  velocity  that 
the  actual  fuel  jets  would  have  achieved  and  thus  the  precise  value  of  the  above  observations  is 
questionable.  Nevertheless  as  the  trials  did  not  highlight  any  adverse  effect  from  the  simulated  fuel 
injection  they  necessarily  provided  some  confidence,  albeit  small,  that  the  fuel  flow  will  operate 
as  it  has  been  designed  to  do  and  not  seriously  alter  the  basic  air  flow  pattern. 

3.  Ramrocket  firing  results 

At  this  stage  it  was  considered  that  there  was  sufficient  confidence  in  the  design  to  proceed  to  small 
scale  static  ramrocket  motor  firing  trials.  The  fuel  rich  propellant  for  these  trials  had  a  flame 
temperature  of  1500  K  with  which  it  was  hoped  to  achieve  rapid  autoignition. 

The  trials  to  date  have  been  successful  and  rapid  autoignition,  within  the  desired  0.5  s,  has  been 
achieved  on  alL  trials.  Lt  should  be  noted  here  that  as  these  trials  were  of  the  ramrocket  alone, 
without  an  integrated  boost  motor,  there  had  been  no  pre-heating  of  the  ram  combustor  walls  by  boost 
motor  gases  to  help  ignition.  A  typical  set  of  pressure  records  are  shown  in  Fig.  11  which  show  ramrocket 
ignition  in  relation  to  the  ignition  of  the  gas  generator.  In  fact  it  can  be  seen  that  the  ramrocket 
autoignited  as  the  pressure,  and  hence  the  fuel  flow,  of  the  gas  generator  approached  its  design  operating 
level.  The  elapsed  time  on  Fig.  II  of  approximately  l .0  s  for  the  gas  generator  to  reach  its  design 
operating  pressure  reflects  the  difficulty  in  igniting  a  fuel  rich  gas  generator  propellant,  but  Improving 
on  this  Ignition  characteristic  is  not  considered  to  be  a  problem. 

Ail  other  aspects  of  the  performance  ot  the  ramrocket  appeared  to  be  satisfactory  and  currently 
preparations  are  being  made  for  a  further  series  of  static  trials  with  a  full  size  integrated  boost 
motor  to  test  the  complete  sequence  of  boost,  transition  and  ramrocket. 


1.  D.  Gueroui,  School  of  Mechanical  Engineering,  Cranfieid  Institute  of  Technology,  Bedford, 
England,  Ph.U  thesis  in  preparatim. 
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Fig.  1.  Diagramatic  view  of  combustion  chamber. 


Fig.  2.  Diagramatic  view  of  tank,  pipework  &  model. 


Flow  visualisation 
model ,  pipework 
&  control  valves. 


Fig.  4.  Light  source  and  model. 


Qc  =  90' 


Recirculation 


<y  =  45“ 


Fig.  5.  Sections  through  90*  &  45° 
missile  intake  configurations. 


Fig.  6.  Flow  pattern  with  circular  intakes 
and  90°  dump  angle  . 


fr 


Fig.  9-  Section  through  forward  end  of  integrated 
boost  combustion  chamber. 


Mean  pressure  (bar) 


.  11  Gas  generator  &  Ramrocket  pressure 
time  curves  . 
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"PUSS  LSI LITKS  D'ESSAI  OFFERTES  PAR  LES  TUNNELS  HYDRUDYNAM1QUE5  A  VISUALISATION  DE  L'ONERA 
DANS  LES  UOMA1NES  AERONAUT I  QUE  ET  NAVAL" 


H.  WE RLE 

uttloe  National  d 'Etudes  ot  lie  Recherches  Acrospati aleS(ONEKA) 
:j.  h-Dji  .j  (  »•  \1‘ II.I.OX  (  !•!)! :x  ;run.  (•) 


ILLUME  - 

Les  runnel1?  hydrodvna.miques  de  l'ONEKA,  qui  out  longtemps  juue  I c  rOle  de  pionnier  eii  oe  qui 
concerne  ia  visualisation  des  ecoulements,  df  posent  d'un  ensemble  de  montages  et  de  methodes  d'essai, 
qui  sont  en  me  sure  de  couvrir  an  vaste  champ  d 'apol Icat ion. 

Cette  communication  constitue  une  mise  a  jo..r  de  i'etat  actuel  de  la  technique  exper imentale  et 
donne  un  aper^u  sur  les  resultats  tes  plus  narquants  qu'elLe  a  perrais  d'obtenir  dans  les  doraaines 
aussi  varies  la  recn<rche  f ondamentale  et  les  applications  a  l 'aerodynamique  et  a 

1  'hydrodynamique. 


THE  ONERA  WA~ER  TUNNELS  TEST  PUSS iSL LIT tES 
FUR  FLOW  VISIJAI  1 7.  ATI  ON  IN  AERONAUTICAL  AND  NAVAL  DOMAINS 


SUMMARY  - 

The  ONERA  water  tunnels,  which  tor  a  long  tim*  «•'«  re  th-  nners  in  flow  visualisation,  cover  a 
large  scope  of  test  means  and  methods,  encompassing  a  .ids  £!<--.d  >•[  -.'plication. 

This  p^p*r  presents  an  up-to-date  description  ot  the  cx  »e -lm»-ntal  technique  used  tor  plane, 
axisv  vtrical  and  three-dimensional  flow,  and  g^vcs  ..  *ucvc>  of  «.  .e  most  notable  results  achieved  in 
duifi.-'s  v.  iod  as  f’.ii.d.imental  research  and  a->  ro<<  -nun  .  cs  .tod  related  hyd  rodyn  imic  studies. 


INTRODUCTION  - 

Mis  en  service  en  IV),:,  le  premier  tunnel  hydt odynaiaique  (TH  1  )  de  1  'ONERA  |1)  beneticie  d'une 
t  res  longue  experience  aunsi  bien  en  matiere  de  technique  exper imentale  (moyens,  montages,  methodes  de 
visualisation),  qu'en  matiere  de  resultats  (ecouli-ment  aux  faibles  vitesses).  Pour  satisfaire  les 
norabreuses  deman<les  d'essais  ettectues  non  settlement.  .Inns  1  e  cadre  de  sa  vocation  Aerospatiale,  mats 
aussi  an  l  i  r  re  de  l 'ass i stance  indust  tie  lie,  et?  preiniet  tuni-.el  a  .He  complete  en  1464  par  one  oivo  4 
veine  plus  spa.- i  ease  pour  les  essais  nu  point  fixe  12),  L  runs  I  ormee  en  tunnel  ( TH  3 )  par  la  suite, 
et  ont  in  en  I4bl  par  un  grand  funnel  (TK2),  dont  les  pertormances  plus  elevees  facilitent  les  essais 
aux  grands  angles  d'attnque  et  eeux  en  regime  turbulent.  Renovees,  ces  3  installations  out  etc 
regroupees  dans  le  nouveau  ! uboratn i  re  .»e  visualisation  hydrodynamique  de  la  Direction  de 

l '  Aerodynamique  a  Ch4t.il  Ion  I  3). 

Ce  l  aborut  ol  re  c«>nsacre  toute  son  activite  4  des  etudes  d  'ecouleraents.  La  presente  communication 
se  propose  de  passer  en  revue  les  nombreuses  possibility  ottertes  par  ces  installations  en  evoquant 
les  different*  types  tie  montage  et  de  maquettes  qti'elles  ont  mis  en  jeu.  Elies  les  illustrent  par  des 
exeraples  varies  de  visual i nations  [a]  qu'elles  ont  permis  d'obtenir  et  qui  coneernent  de  nombreux 
phenomeites  t  ondamentaux  de  la  mecanique  des  fluldes,  que  I'on  retrouve  non  seulement  en  aerodynamique 

applique?  A  l 'aeronaut  ique ,  raais  bien  sflr  aussi  en  hyd  rodynamique  du  doraaine  naval. 

TECHNIQUE  EXPEK IMENTALE  - 

Avant  He  <l»>cr  i  re  quelques  maquettes  typiques  (fig.l)  et  de  predser  leur  montage  en  veine 
(tig. 2),  rappelons  brieveraent  que  les  1  tunnels,  qu*  equlpent  :e  laboratolre,  sont  disposes 

ver L icalement  el  f one t ionnent  en  circuit  ouvert  par  vldange  sous  l'effet  de  la  gravite  :  voir  fig. 3 
qui  precise  leurs  dimensions  et  per f ormances.  Chacune  de  ces  installations  comporte  tous  les 

dispositlfs  necessaires  (circuits  de  colorant,  projecteurs  A  fentes,  miroirs,  etc.)  pour  la 

visualisation  des  ecoulements  par  traceurs  (3)  :  emissions  de  colorant  de  m£rae  densite  et 

viscosity  que  I'eau  (par  ex.  fig. 4)  et  fines  bulles  d'alr  en  suspension  dans  I'eau  (par  ex.  fig. 5). 

D'autre  part  le  laboratoire  est  equlpe  d'un  ensemble  de  moyens  d'essais  annexes  (circuits 

d'asplration  et  de  soufflage,  porapes ,  raoteurs,  etc.)  utilises  pour  la  simulation  de  certains  elements 

des  maquettes _ ou  de  leur  montage,  tels  que  prise  d'air,  plege  4  couche  limlte,  fence  de  soufflage, 

sortie  de  Jet,  h£Llce  ou  rotor,  sol,  etc. 

Comme  e'est  le  cas  en  soufflerle,  ra@me  les  maquettes  les  plus  simples,  notamment  les  modeles 
"courant  plan"  (fig. la),  demandent  souvent  des  montages  fignoles,  si  I'on  veut  £viter  ou  rSduire  les 
effets  de  phenomenes  parasites,  tels  que  les  couches  llmites  des  parols  de  veine,  ou  eelles  des 

panneaux  de  garde  entre  lesquels  le  module  se  trouve  dispose  :  ces  couches  limites  flnissent  par 

decoiler  lors  des  essais  A  circulation  £lev6e.  D'autres  problAmes  se  posent,  lorsqu'il  s'agit  de 
vlsualiser  tout  le  champ  aerodynamique  autour  du  module  et  n£cessitent  un  panneau  avant  mince  et 
transparent,  un  eclairage  des  deux  cGt£s,  un  montage  en  porte  A  faux  et  des  prises  de  vues  deilcates 


14-2 

en  raison  de  l'envergure  du  module  :  voir  schema  2a. 

A  noter  par  exemple  dans  le  cas  du  profil  avec  volet  de  courbure  (fig. la)  que  l'axe  support,  dont 
le  prolongement  en  constltue  la  charniere,  permet  non  seulement  de  regler  l'incldence  du  profil, 
le  braquage  S  du  volet,  raais  sert  aussi  au  passage  des  colorants  et  du  fiulde  injecte  (fence  de 
soufflage  tangentiel  araont)  ou  preleve  (fente  d'asptration  aval).  On  retrouve  le  raArae  type  de 
prabl«?me  dans  le  cas  d'une  derai-raaquette  raontee  a  la  paroi  (fig.  lb). 

Le  montage  sur  dard  arriere  est  souvent  utilise  dans  le  cas  de  modeles  axlsymetriques,  mals  aussi 
dans  celui  de  raaquette6  tridiraenslonneiles  comportant  un  axe  longitudinal,  corame  pour  les  essais  d'une 
helice  isolee  (fig.lc).  Ce  dard  supporte  le  raoyeu  fixe,  transmet  le  mouveraent  de  rotation  a  i'hellce 
et  contient  en  outre  Les  canalisations  qui  distribuent  le  colorant  au  bord  d'attaque  des  differences 
pales  (fig. 7c),  le  calage  de  ces  dernieres  ne  pouvant  §tre  raodifte  qu'a  l'arrfit. 

Le  m£me  type  de  montage  a  ete  utilise  pour  une  maquette  de  sous-marin  (fig.li)  et  l'on  peut 
distinguer  A  1'extrAmite  de  ce  module  la  presence  autour  du  dard,  d'une  prise  d'air  annulatre 
permettant  de  sirauler  l'effet  d'aspiration  de  I'helice  :  voir  schema  2b. 

Une  variante  de  ce  dernier  dispositif  a  ete  experiraentee  recemraent  avec  un  autre  type  de  sous 
raartn  maintenu  en  veine  par  un  mSt  profile  lateral  (figs.9j,  lUd).  Cette  maquette  permettait 
d'ailleurs  de  faire  passer  le  ra9t  par  le  massif  avant  lorsque  l'on  voulait  minimiser  les  sillages  a 
l'arridre  (fig. 9k). 

Un  autre  exemple  de  fixation  sur  dard  arriere  est  celui  d'une  maquette  complete  d'avion,  comme 
celle  d'un  avion  VTOL  A  jets  (fig.lg).  Le  dard  utilise  groupe  tous  les  circuits  de  colorant  et  de 
fiulde  pour  les  8  prises  d'air  et  sorties  de  jet  des  reacteurs  de  sustentation ,  ainsi  que  pour  les  2 
prises  d'air  laterales  des  rAacteurs  de  propulsion  (figs.8a-d).  Un  tel  dard  coraporte  parfois  m£me  a 
sa  surface  un  soufflage  tangentiel  vers  l'aval  pour  sirauler  les  effets  d' Induct  Ion  des  jets  de 
propulsion  (voir  fig.l6a  de  la  ref. [5]). 

Cette  disposition  avec  dard  a  aussi  pour  avantage  de  blen  degager  le  dessous  du  raodele  (fig. He), 
mais  ne  facilite  pas  la  prise  de  vues,  aux  faibles  Incidences,  de  coupes  transversales  d'ecoulement 
observees  dans  un  rairoir  place  en  aval  du  module  :  voir  schema  2b. 

C'est  pourquoi  on  lui  prefere  souvent  un  montage  sur  m9t  d'intrados,  qui  assure  le 
developpement  rSgulier  de  I'Acouleraent  d'extrados  (le  plus  souvent  etudle)  et  celui  de  son  sillage,  en 
minimisant  Les  effets  de  supports  sur  le  gradient  de  pression  longitudinal. 

On  adopte,  soit  un  m9t  d'intrados  pour  les  essais  aux  faibles  incidences  ou  au  point  fixe 
(V  =  0),  comme  par  exemple  sous  une  maquette  raotorisee  d'hel icoptere  (fig. Id)  essayee  en  presence 
d'un  plancher  figurant  le  sol  et  pouvant  coulisser  le  long  de  ce  support  l 31,  soit  un  mat 

profile  et  incline,  mieux  adapte  au  domalne  des  Incidences  elevees  :  voir  schema  2c.  A  noter  que  ce 

montage  coraporte  une  rotule  qui  permet  dans  le  cas  d'une  maquette  complete  a  la  fois  sa  raise  en 
incidence  et  en  derapage.  Cecte  possibility  subsiste  d'ailleurs  dans  le  cas  d'une  maquette  partielle 
comme  celle  d'un  avion  avec  tout  son  fuselage  Aquipe  de  prises  d'air  et  sorties  de  jet  et  comportant 
une  voilure  9  georaetrie  variable  (fig. If)  :  sur  ce  raodele,  seule  l'aile  gauche  est  complete,  raais  avec 

possibility  de  faire  varier  sa  fleche  raSrae  en  cours  d'essai  (6). 

Dans  le  cas  d'une  maquette  d'avion,  on  utilise  parfois  un  2erae  raodele  fixe  sur  un  m9t  lateral, 
mais  comportant  un  fuselage  coraplet.  Dans  ces  conditions,  les  perturbations  dues  au  support  se 
llmitent  genAraleraent  A  l'aile  situee  cflte  support  et  l'on  peut  alors  obtenir  des  vues  de  protll 
ave-  l'ecouleraent  au-dessus  et  au-dessous  du  raodele,  notamraent  lors  d 'essais  effectues  en  presence 
d'un  sol. 

Pour  sirauler  d'une  raaniere  realiste  les  effets  de  sol  autour  de  maquettes  en  translation  (fig.le) 
( 7  J ,  differents  tapis  roulants  se  depla^ant  A  la  vltesse  V  du  courant  ont  etA  mis  au  point, 
mais  ces  disposltlfs  se  revdlent  assez  fragiles  3  l'usage  et  restent  ItraitAs  aux  talbles  vltesses 
(fig. Be).  Enfin,  il  reste  A  raentionner  quelques  montages  spAciaux  destines  A  iraprimer  au  modele 
d'essai  un  raouvement  d'osci l Unions  periodiques  ou  de  rotation  uni  forme  simulant  un  tonneau  ou  une 
vrille  (flg.lh).  Ces  essais  en  instationnalre  (!>|  comportent  blen  entendu  de  norobreuses 

difflcultes  supplemental  res  ,  qui  concernent  entre  autres,  l  'a  1  i  merit  a  t  ion  en  colorant  de  la  maquette, 
les  perturbations  dues  A  la  presence  *>t  au  raouvement  des  supports,  les  jeux  necessalres  au  mouveraent 
et  l'obser vation  des  phenoraenes  (prises  de  vues  rapides  jb]),  notamment  depuis  l'aval  (montage 
necessltant  un  support  avec  couronne  :  flg.lh). 


EXEMPLES  DE  VISUALISATIONS  UBTENUES  - 

La  fig. 4  qui  est  excralte  de  la  fiehe  technique  ISHb  relative  au  nouveau  tunnel  TH2  groupe  un 
certain  nombre  d'exeraples  de  visualisations  rAcentes  effectives  A  l'aiile  de  colorant  et  eonoernant 
aussi  blen  les  etudes  l  ondamenta  les  (vues  '*a-g)  que  les  recherches  appliqueos  (vut*s  parmi 

lesquelles  figure  notamment  l'ecouleraent  autour  d'une  maquette  du  train  A  grande  vltesse  (TCV) 
presence  d'un  vent  lateral  (derapage)  :  vnl  r  flg.4£.  Mis  ;1  part  cet  exer.ple  de  vehicule  terrestre  sur 
lequel  nous  ne  reviendrons  plus,  la  suite  de  cet  exposA  va  examiner  tour  A  tour  et  dans  1'ordre,  les 
recherches  a  caractere  fundamental,  puis  les  applications  du  domalne  acronautiqi.it',  ont  in  cel  les  du 
domalne  naval. 


RECHERCHES  FONDAMENTALES  ~ 

Des  exemples  variAs  de  visualisations  des  phenoraenes  fondamentaux  de  La  mAeanique  des  tluides 
sont  donnes  par  les  figs.4a-g,  5  et  h.  lls  permettent  d'apporter  quelques  precisions  sur  L'emploi  des 
trareurs  liquides  ou  gazeiix  utilises  A  cet  effet. 


FIG.  1  -  MAQUETTES  ET  MONTAGES  D'ESSA. 

a  Profil  mont6  entre  panneaux  avec  soufflage  ou  aspiration  d  la  charni&re  du  volet  (contrdle  de  la  couche  limite). 
b  Montage  sur  panneau  de  garde  d'une  demi-maquette  d'avion  de  transport, 
c  Montage  d'une  h6lice  isol^e  sur  moyeu  axial  fix6  sur  dard  arrive. 

d  Montage  sur  mat  d'intrados  d'une  maquette  complete  d'h6hcopt6re  avec  prises  d'air  et  sorties  de  gaz. 
e  Montage  sur  m&t  lateral  d'une  aile  delta  avec  simulation  du  sol  par  tapis  roufant  ou  d  I'aide  d'une  maquette  image 
f  Montage  sur  mSt  d'intrados  d'une  maquette  partielle  d'avion  avec  aile  d  g6om6trie  variable  »  (tapis  escamot^) . 
g  Montage  sur  dard  arrtere  d'une  maquette  complete  d'avion  VTOL  d  jets  '  avec  prises  d'air  et  sorties  de  jets, 

h  Montage  sur  couronne  transmettant  d  une  maquette  d'avion  un  mouvement  de  rotation  (tonneau  ou  vrille). 
i  Montage  sur  dard  arrive  d'une  maquette  de  sous-marin  avec  simulation  de  I'h6lice  par  une  prise  d'air  annulaire, 
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FIG.  2  -  SCHEMAS  DES  PRINCIPAUX  TYPES  DE  MONTAGE  EN  VEINE. 


a  )  Maquette  «courant  plan*  mont6e  entre  panneaux. 
(Meme  type  de  montage  pour  de mi  maquette 
fix6e  sur  un  panneau). 


b )  Maquette  de  sous-marin  mont6e  sur  dard  arriere. 


C }  Maquette  entire  f ix6e  sur  mat  profile  d'intrados 
(ou  6vent.  lateral). 


LEGENDE  : 

1  Paroi  de  la  veine. 

2  Maquette. 

3  Panneau  de  garde. 

4  Jeu  r£glable  pour  essais  d  circulation  6lev6e. 

5  Axe  support  servant  de  passage  au  colorant  (6vent.  au 
circuit  de  soufflage  ou  d 'aspiration)  et  au  r6glage  de 
('incidence  a. 

6  Trous  6metteurs  de  colorant. 

7  Tranche  de  lumtere  longitudinale  \ 

8  Axe  de  prise  de  vues  correspondent 

9  1  ranche  de  lumi^re  transversale 

10  Axe  de  prise  de  vues  correspondent 

1 1  Miroir  aval  rgglable 

12  Support  manivelle  servant  au  r£glage  de  I'incidence 
o  ou  du  d§rapage  0  des  maquenes  mont6e$  sur  dircj 
arriere. 

13  Prise  d'air  annulaire  autour  du  dard  pour  modifier  le 
gradient  de  pression  longitudinal  (simulation  d'un  effet 
d’h^lice,  reduction  d'un  effet  d 'obstacle  du  support,  etc.) 

14  Conduites  d 'alimentation  de  colorant  et  d'aspiration 

15  Mat  support  d'intrados  (ou  6vent  lateral)  servant  de 
passage  au  colorant  invent,  aux  circuits  de  soufflage  et 
d'aspiration). 

16  Montage  sur  rotule  servant  au  r^glage  de  I'incidence  o 
et  du  derapage  0  des  maquettes. 

17  Prise  d'air  de  la  maquette  (ddbit  QE). 

18  Plan  canard. 

19  Sortie  de  jet  (d6bit  Qj). 

20  Vers  les  ensembles  vanne  pompe-rotametre  pour  le 
controle  des  debits  QF  et  Qj. 


Visualisation 
par  bulles  d'air 


VISUALISATION  PAR  EMISSIONS  DE  COLORANT 

VISUA L tZA TION  BY  DYE  EMISSIONS 
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Prof il  Naca  0012  a=20°  .4?ec  _  2.104 

(Clichi  avec  effet  chronophotographique) 


Profil  pointu  (died re) 

(Cliche  &  temps  (('exposition  court) 


=0°  rfec  =<0,5.1 04 


D6collement  sur  le  retreint  courbe  d'un  fuseau  .rfeL  =*6. 10s 
cylindrique  sans  incidence 

Effet  des  cannelures  longitudinales 
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En  courant  plan  ou  axisymetrique,  le  colorant  peut  Sere  emis  a  la  surface  d'un  rnodele  ltsse 
sous  la  forme  d'une  nappe  pari£tale,  continue  en  regime  laminalre  et  devenant  instable  en  regime 
transitionnel  (ondulations,  puis  spots  de  turbulence)  comine  par  exeraple  sur  un  fuseau  cylindrique  sans 
Incidence  1,5. 103  :  fig. 4a).  Cette  nappe  d§colle  dan|  le  cas  d'une  sphere  C 

fig.4g)  et  la  transition  retarde  ce  decollement  (  j>  “3.10  :  fig.4g').  Dans  le  cas  d'un 

fuseau  cylindrique  muni  d'un  r&treint  courbe  de  pente  moder§e,  la  transition  a  pour  effet  d'eviter  le 
decollement  (figs.6ab).  On  note  que  la  presence  de  cannelures  longitudinales  permet  de  retarder  le 
decollement  pour  un  regime  proche  de  la  transition  (figs.bac)  [9]. 

Dans  la  plupart  des  essais,  le  colorant  esc  erais  a  la  surface  des  oodeles  sous  la  forme  de  filets 
isoies,  plus  ou  moins  parietaux  suivant  leur  debit.  En  stationnaire ,  ils  representent  des  lignes  de 
courant,  qui  revelent  1'absence  de  decollement  (fig. 4b),  la  presence  de  courant  de  retour  dans  un 
decollement  (fig. 4c),  la  structure  organisee  de  tourbillons  marginaux  (fig.4d)  ou  longi tudinaux 
(fig.4f)«  Soumis  k  un  gradient  de  pression  longitudinal  adverse,  ces  tourbillons  eclatent  1 10]  et 
ce  ph§nomene  peut  8tre  visualise  aussi  bien  en  regime  laminaire  (fig.4e)  qu'en  turbulent  (fig.4e'). 
Dans  ce  dernier  cas,  on  observe  la  diffusion  rapide  du  colorant  sauf  au  voisinage  de  L'axe  du 
eourbillon.  11  en  est  de  m6me  pour  le  colorant  §mls  a  la  surface  des  modeles  qui  ne  subslste  en  tant 
que  filet  qu'au  voisinage  de  son  trou  d'emission  (figs.4bc).  Le  colorant  sert  parfois  aussi  a  teinter 
un  jet  turbulent  et  se  dllue  alors  rapidement  dans  la  zone  de  melange  (figs.6ij).  Des  prises  de  vues 
rapides  (8)  permettenc  alors  d'observer  les  grosses  structures  tourblllonnaires  qui  se  forment  le 
long  de  sa  frontiere  (fig. 6k),  et  l'on  peut  ainsi  noter  par  exemple  les  effets  dus  a  une  grille 
dispos&e  dans  la  sonde  6mettrlce  (fig. 61).  Rappelon6  enfin  en  ce  qui  concerne  les  decollements 
[11],  qu'une  reduction  du  debit  des  Emissions  de  colorant  permet  parfois  de  faire  apparaltre  les 
singularities  de  l'ecoulement  parietal  :  ligne  de  decollement  ou  de  partage,  foyer,  uoeud,  col,  etc 
(voir  figs.4Bgg'  et  7b). 

Les  m&mes  ph enomknes  fondamentaux  ont  Ste  visualises  sr  des  bulles  d'air,  dont  les 

trajectoires  revelent  l'allure  des  lignes  de  courant  (fig. 5a),  l'otendue  des  decoLlements  (fig. 5b)  et 
le  caractSre  des  sillages  (fig. 5c).  En  courant  plan,  des  prises  de  vues  rapides  a  une  seule  exposition 
(fig. 5c)  ou  plusieurs  (fig. 5b)  precisent  l'allure  du  champ  de  vitesse.  Rappelons  aussi  qu'aux  nombres 
de  Reynolds  Sieves,  une  accumulation  des  bulles  d'air  (effet  centripete)  met  en  lumiere  l'axe  des 
tourbillons  longitudinaux  intenses  (flg.5d)  jusqu'a  leur  eclatement  (tig.5f).  Enfin  les  coupes 
transversales  visuallsees  par  les  mSmes  traceurs  revelent  la  presence,  la  position,  la  structure 
organisee,  le  caractere  et  la  stablllte  des  tourbillons  longitudinaux,  tels  que  tourbillon  marginal 
isoie  (fig.5e),  tourbillons  symetriques  tssus  de  corps  fuseles  (figs.bde)  ou  devenant  axisymetriques 
aux  incidences  extremes  (fig.6f  k  rapprocher  de  fig.4C),  tourbillons  d'alle  delta  organises  (fig.6g) 
ou  eclates  (fig.bh)  [11J.  Enfin,  deux  derniers  exemples  concernent  l'ecoulement  instationnai re 
autour  d'un  rotor  qui  n'est  peut  Stre  plus  tout  £  fait  un  cas  fondaniental  :  les  bulles  d'air 
visualisent  l'ecoulement  rnoyen  dans  une  coupe  diametrale  d'une  heiice  tractrice  (fig.bm),  et  notamment 
la  forme  convergente  du  tube  de  courant  laminaire  interesse  par  l'helice  et  celle  divergente  du  flux 
turbulent  l'ayant  traversee  et  k  la  frontiere  duquel  se  deplacent  les  tourbillons  helicoldaux  issus 
de  l'extremite  libre  des  pales.  Une  vue  prise  au  flash  (fig. 7c)  ilge  ces  tourbillons  visualises  par 
colorant  et  fait  apparaltre  en  outre  la  presence  d'un  bulbe  decolle  fixe  au  bord  d'attaque  des  pales 
relativement  minces  ainsi  qu'un  effet  de  centrifugation  du  colorant  parietal. 

Le  deuxieme  exemple  est  celui  de  l'ecoulement  instantane  observe  dans  Le  plan  diametral  d'un 
rotor  isoie  d'hei Icoptere  au  moment  de  sa  mise  en  rotation  au  point  fixe  (fig.6n)  :  les  bulles  d'air 
visualisent  non  seulement  le  tourbillon  de  demarrage  torlque  se  formant  k  l'extremite  liore  des  pales, 
mats  aussi  celui  qui  se  forme  prds  du  moyeu  central  dans  l'espace  annulaire  balaye  par  le  pied  non 
profile  des  pales. 


EXEMPLES  DE  VISUALISATIONS  DU  DO MAINE  AERONAUTIQUE  - 

Dans  ce  doraaine,  on  peut  distinguer  deux  families  de  modeles  :  les  avions  et  les  helicopteres ,  si 
l'on  met  k  part  le  cas  liraite  de  la  maquette  du  lanceur  ARIANE  (fig. 7b)  et  celui  d'un  missile 
sch£matique  d£Jd  mentionne  (fig.4C),  qui  se  rattachent  peut  @tre  plus  ou  moins  au  domaine  spatial  : 
leur6  essais  aux  grands  angles  d'attaque,  ce  qui  correspond  aux  conditions  de  lancement  d'engins  en 
presence  d'un  fort  vent  lateral,  font  apparaltre  des  decollements  comportant  des  tourbillons 
d'extrados  axisymetriques  [12].  On  sait  que  ce  phenoraenes  se  traduit  par  des  forces  laterales  a 
l'avant  du  modele  et  pouvant  poser  de  dellcats  probieraes  de  stabilite  er  de  contrOle. 

En  ce  qui  concerne  les  avions,  les  tunnels  ONERA  disposent  de  norabreux  resultats  d'essais  [10, 
13,  14),  dont  quelques  exemples  de  maquettes  ont  et€  donnes  par  la  fig.l.  Dans  le  cadre  restreint  de 

cet  expose,  on  se  contentera  d'en  donner  un  exemple  typique  et  d'e^oquer  les  tendances  actuelles  des 
essais  en  cours. 

Les  visualisations  obtenues  avec  la  maquette  d'avion  delta  k  decollage  vertical  k  jets  decrite 
ci-dessus,  aussi  blen  en  translation  [14]  qu'au  point  fixe  [2),  confirment  les  effets  sur 
l'ecoulement  autour  du  module  dus  k  la  simulation  des  prises  d'air  et  sorties  de  jets  des  8  r6acteurs 
de  8ustentation  :  leur  raise  en  service  fait  apparaltre  une  composante  verticale  de  vitesse 
descendante.  Ainsi,  sur  le  module  en  translation  £  incidence  raoyenne,  les  tourbillons  d'extrados 
observes  sans  Jets  (figs.8ab)  se  resorbent  (flgs.8cd),  consequence  de  la  diminution  de  i'incldence 
effective  de  la  voilure. 

En  presence  d'un  sol  (fig.8e),  l'ecoulement  se  complique  par  suite  de  la  formation  d'un 
tourbillon  "effet  de  sol"  (15],  Incurve  en  fer  k  cheval  et  se  formant  sur  le  sol  en  araont  de  ia 
zone  d'impact  des  jets.  Ce  tourbillon  n'occupe  sa  position  correcte  que  lorsque  le  sol  est  simule 
d'une  fa^on  reallste  par  un  tapis  roulant.  En  effet,  sur  un  plancher  fixe  se  produit  inevi tablement  le 
decollement  de  la  couche  llmite  parasite  devant  l'obstacle  constitue  par  lee  Jets,  et  ce  decollement 
deplace  le  tourbillon  "effet  de  sol"  et  peut  modifier  I'incldence  locale. 


Essai  prds  du  sol  a=0°  -rfec= 0,5.1 04 
simul6  par  un  V  =  V  V  =20V 

tapis  rouiant  J  _  y 

(coupe  longitudinale)  TR  0 


Maquette  d 'avion  delta  avec  plan  canard 


Essai  au  point  fixe  A  =  0  Essais  en  translation  A  =  0,2 

(oB=0  .rfec=104  N  =  0.67tr/s  (a0=-1O°  .rfec^104  N  =  1tr/s) 

Coupes  au  vovsinage  du  moveu  et  coupe  aval 


FIG.  8  -  EXEMPLES  D'ECOULEMENTS  DU  DOMAINE  AERONAUTIQUE 


Coupe  transversale  arrive  (J?eL  =  7.105) 

Coupe  arriere  suivant  le  plan  de  sym6trie 
essai  avec  prise  d'air  {coefficient  de  d6bit 
e  ~  3)  simulant  le  fonctionnement  de  t'h&ice 
(.rfeL  =<0,7. 10s) 

FIG.  9  -  EXEMPLES  D'ECOULEMENTS 
DU  DOMAINE  NAVAL 
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On  peu r  rernarquer  sur  ce  raodele,  la  simulation  des  deux  prises  d'air  laterales  en  ecope  des 

reacceurs  de  propulsion.  On  sale  [ 14 j  qu'un  blocage  de  cos  prises  d'air  peut  avoir  pour  effet  de 

perturber  la  formation  de  I'ecouleraent  tourbillonnalre  sur  la  vollure,  du  fait  de  la  proximite  de 

l'apex,  origine  du  courblllon  principal  d'extrados,  notamment  aux  grandes  Incidences. 

Les  essals  de  maquettes  d'avion,  effectues  dans  les  tunnels  ONERA  depuls  un  certain  temps, 
concernent  prlncipaleraent  ces  grands  angles  d'attaque  (5),  pour  lesquels  les  tourbillons  d'apex  se 
trouvent  affectes  du  ph£nora£ne  d'eclateraent  (fig.4A).  Corarne  l 'on  raontr£  des  essals  ant4rieurs  (5j, 
le  soufflage  lateral,  une  voilure  prolongee  a  l'amont  par  des  strakes  A  forte  fleche,  et  surtout  des 

plans  cjnards  disposes  au-dessus  de  l'apex  perraettent  de  retarder  dans  certaines  conditions  cette 
disorganisation  des  tourbillons  prlncipaux. 

Le  cas  d'un  raodele  schemat ique  avec  plan  canard  e6t  evoque  par  les  figures  7a  et  8fgh  :  on  notera 
la  complexity  du  schema  tourbillonnalre  d'extrados,  par  suite  de  la  presence  de  tourbillons 
supplemental  res  de  canard  et  de  fuselage,  et  mfime  de  derive  en  cas  de  derapage,  et  l'on  imagine  les 
interactions  qui  en  risultent.  La  tendance  actue.’le  des  essals  n'est  pas  sans  eorapliquer  encore  les 
phenomenes,  puisqu'elle  envisage  des  formules  de  canard  orlentable,  et  m@me  dlf feremment  de  chaque 
cflte  en  cas  de  derapage,  et  des  voilures  munies  de  bee  de  bord  d'attaque  et  de  volets  de  bords  de 
fuite*  Par  cor.tre,  on  enregistre  des  effets  de  plus  en  plus  nigilgeables  des  prises  d'air  que  l'on 
tend  d  faire  passer  de  la  position  larerale  3  la  position  ventrale. 

La  deuxiyme  faaille  de  maquettes  concerne  les  h^licopteres  :  les  essals  de  la  maquette  mttorlsie 
decrlte  precedemment  (fig. Id)  ont  ete  effectues  successlvement  au  point  fixe  sans  et  avec  sol  dans  la 
velne  du  tunnel  TH3  1 3, 10)  et  en  translation  (vol  horizontal,  vols  de  roont&e  et  de  descente)  au 
tunneii  TH2  (8,101  ;  en  raison  de  leur  caractere  lnstationnaire ,  ils  constituent  un  des  exemples  de 
visualisation  hydrodynaraique  par  mi  les  plus  complexes  qu'tl  soit, 

Au  point  fixe  (£igs.7d  et  81),  les  visualisations  mettent  en  Evidence  non  seulement  I'ecouleraent 
induit  par  La  rotation  du  rotor  principal  et  le  d£placement  des  tourbillons  marginaux  issus  des  pales 
et  d'allure  heHcoldale,  mals  aussi  la  deformation  impose e  par  cette  rotation  aux  tubes  de  courant 
captes  par  les  prises  d'air  et  aux  panaches  de  colorant  emis  par  les  sorties  de  gaz ,  enftn  les 
dScolleraents  sur  l'avant  c6t§  droit  et  L'arriSre  cGte  gauche  du  fuselage  ainsi  que  les  effets  plus 
localises  dus  £  la  rotation  du  rotor  de  queue. 

En  vol  d'avanceraent ,  le  colorant  (flg.4D)  revdle  la  forme  en  plan  cycloldale  des  tourbillons 
issus  du  rotor  principal  et  emportes  par  le  coura-»t,  le  derapage  de  l'ecoulemenc  moyen  d  la  hauteur  du 
fuselage,  d'autre  part,  les  bulles  d'air  confirment  dans  des  coupes  transversales  (flgs.8jk)  que  le 
dlsque  balaye  par  le  rotor  se  comporte  comrae  une  aile  portante  avec  formation  sur  les  bords  lateraux 
ie  tourbillons  marginaux  concentres.  A  signaler  , . esentement  qu'en  raison  de  la  taille  du  modele,  le 
rotor  principal  est  rigtde  et  sans  variation  cyclique  du  pas  des  pales. 


EXEMPLES  DE  VISUALISATIONS  HU  DO MAINE  NAVAL  - 

Ce  domaine,  qui  n'entre  pas  exacteraent  dans  le  cadre  habituel  de  l'actlvite  des  tunnels  ONERA, 
peut  cependant  8tre  lllnstre  par  deux  exemples. 

Le  premier  concern-'  les  essals  d'loe  maquette  de  la  turbovoile  imaginee  par  L.  MALAVARD  116). 
Cette  voile  cylindrlque  rigide,  mals  orlentable,  peut  Stre  utlliseo  pour  la  propulsion  d'un  bateau 
grace  a  la  force  a£ rodynamique  resultant  du  vent  relatlf  et  partic  il . erement  Important'’  en  raison  du 
contrGle  de  i'ecouleraent  d'extrados  au  moyen  d'une  aspiration.  Les  visualisations  au  runnel  THl 
(flgs.lOab)  [ 1 7 J  aoulignent  l'efflcacite  du  precede,  qui  permet  d'obtenir  une  resorption  notable 
de  la  zone  decollee  et  une  augmentation  importance  de  la  circulation  autour  de  la  voile,  qui  est 
confirmee  par  le  net  deplaceraent  du  point  d'arrgt  amont. 

Le  deuxlemo  excmple  est  celut  d'une  maquette  do  sous  marin.  Dans  un  premier  cas,  il  s'agii  d'un 
module  schematique  a  coque  axisyroet rlque  et  comportant  un  avant  court.  Les  visualisations  revdlent 
l'etendue  des  d£col leraents  libres  se  pcodulsant  devant  les  differents  obstacles  ( massif  avant,  barres) 
et  la  structure  en  fer  a  cheval  des  tourbillons  qui  les  caract«rlsent  (figs.4B  et  10c). 

11  en  est  de  m8rae  autour  des  ailerons  arrlere,  oil  l'on  peut  observer  en  outre  les  perturbations 
dues  au  slllage  du  massif  (fig, 9k)  ainsi  que  le«  effets  d'un  gradient  de  prjsslon  longitudinal 
favorable,  tel  que  celui  qui  resulterait  d'une  bailee  propulsive  simulee  ici  par  une  prise  d'air 
disposee  d  l'arrlere  et  fonctlonnant  avec  un  coefficient  de  debit  E,  >  1  (voir  flgs.9j  et  lOd). 

Dans  un  deuxieme  cas,  11  s'agit  d'un  module  plus  coraplet  avec  pont  (fig. 11)  i  1 8  ] .  Les 
visualisations  obtenues  preclsent  a  nouveau  le  mecarlsrae  de  I'ecouleraent  autour  du  massif  avant 
(deed  lenient  au  pled  du  massif,  zone  de  circulation  d  l'arrlere)  et  le  caiactpre  tourbillonnalre 
organise  uu  non  de  son  slllage  (figs.9a-c),  mals  aussi  leur  evolution  lors  d'une  raise  en  Incidence 
(f  lgs.9d-f)  et  en  derapage  (figs.9g-i).  Cette  evolution  est  marquee  par  1 'accentuat Ion  du  caractere 
tourbillonnalre  organise  des  slllages  et  dec  .1 lements,  ces  derniers  se  developpent  en  venant  se  fixer 
le  long  des  ar§tes  du  pont. 

CONCLUSION  - 

Comme  on  vient  de  le  voir,  pour  visuallser  les  tcoulements,  analyser  1 inement  leur  mecanisme  et 
preciser  leur  evolution  en  function  de  nombreux  paramdtres,  l'ONERA  expiolte  depuis  prds  de  35  ans  des 
Installations  hydraullques  consacrees  d  des  etudes  aerodynaraiques  et  hydrodynamlques  apparentees,  sans 
av->lr  e pulse  toutes  les  possibilities  de  recherche  dans  ces  dorealnes. 

La  preuve  en  est  que  les  deux  dernidres  uccennles  ont  vu  la  misc  en  service  1  t- lies 
installations  dans  la  plupart  des  pays  falsant  de  la  recherche  at ■ ospattale  on  navale,  et  blen  souvent 
oes  nouvelles  nstailatlons  ne  se  llmitent  pas  d  la  vlsuallsatl  •»,  mals  effectuent  aussi  des  mesures 
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quantitatives. 

Loin  de  mettre  en  cause  ce  type  d'experiroentation,  le  developpem^nt  des  ordlnateurs,  qul 
intervient  apres  celui  des  souffleries,  cree  lui  aussi  tout  un  courant  de  demandes  d'ElEments  de 
comparaison  que  peuvent  lul  fournir  ces  essais  effectues  dans  1'eau. 

Enfin,  en  ce  qui  concerne  plus  part iculiErement  la  visualisation  des  phEnomEnes,  la  grande 
facility  offerte  par  l'eau  devrait  lui  assurer  encore  de  beaux  jours  4  notre  Epoque  marquEe  par  la 
diffusion  universelle  de  1' image  couleur  impriraEe  et  tElEvisEe  ;  c'est  tout  au  moins  ce  que  1'on 
ressent  devant  l'ampieur  que  prennent  les  symposiums  internationaux  [19]  ou  les  colloques 
nationaux  120)  entierement  consacrEs  4  la  visualisation  des  Ecoulements. 
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DFVLR  Institute  for  Experimental  Fluid  Mechanics 
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SUMMARY 

The  use  of  the  water  towing  tank  of  the  DFVLR  for  fluid  dynamic  testina  is  briefly 
described.  The  capability  of  measuring  techniques  is  discussed.  Amonci  the  various  tech¬ 
niques  the  quanitative  evaluation  of  photoqraphs  of  visualized  flow  proved  to  be  most 
effective  for  the  use  in  a  water  towing  tank.  Two  methods  enabling  the  survey  of  three- 
dimensional  flow  fields  are  dealt  with  in  detail.  The  first  method  based  on  photogramme- 
tric  techniques  has  already  been  applied  to  the  investigation  of  three-dimensional  dis¬ 
turbances  in  an  unstable  laminar  boundary  layer  and  to  the  study  of  a  free  vortex  flow. 

The  second  one  is  based  on  holographic  techniques.  Its  feasibility  for  supplying  quanti¬ 
tative  data  is  discussed. 

1  .  INTRODUCTION 

For  aerodynamic  testing  purposes  the  water  towing  tank  has  proved  to  be  a  useful 
means  for  supplementing  the  simulation  possibilities  of  wind  tunnels.  The  principle  of 
moving  the  model  through  a  stagnant  fluid  and  the  relative  ease  of  flow  visualization 
in  a  liquid  favours  certain  special  experimental  studies. 

These  are: 

1 .  Slowly  decaying  wake  flows  far  downstream  of  the  model  where  wind  tunnel  testinq  is 
restricted  by  the  length  of  the  test  section. 

2.  Ground  effects  and  gap  flows  generated  by  moving  the  model  relative  to  fixed  walls 
or  obstacles. 

3.  Laminar  and  turbulent  boundary  layers  as  well  as  the  development  of  instabilities 
in  transitional  boundary  layers.  -  Due  to  the  low  disturbance  level  in  the  staanant 
water  some  additional  transition  features  could  be  detected. 

4.  Unsteady  flows  with  particular  reference  to  the  possibility  of  accelerating  and  de¬ 
celerating  the  model  in  a  prescribed  manner. 

5.  Flows  in  stably  stratified  fluids. 

6.  Complicated  subsonic  flows  by  means  of  flow  visualization. 

For  the  acquisition  of  quantitative  data  principally  the  same  measurinq  techniques 
can  be  used  as  in  wind  tunnels.  In  many  cases  the  higher  density  and  heat  transfer  of 
water  in  comparison  with  air  leads  to  a  corresponding  increase  of  accuracy.  Or.  the  other 
hand  the  comparatively  high  electrical  conductivity  of  water  requires  significant  modifica¬ 
tions.  The  shortcoming  of  intermittent  testing  and  the  inevitable  settling  times  between 
successive  test  runs  in  a  towing  tank  necessitate  measuring  techniques  which  provide 
as  much  Information  per  test  run  as  possible.  A  powerful  means  in  this  regard  is  flow 
visualization  and  photography.  The  flow  pattern  is  stored  on  a  film  or  plate  and  can 
be  mapped  therefrom  at  any  time  after  the  test. 

The  required  testing  time  is  reduced  to  the  duration  of  the  exposure  of  the  photo¬ 
graphs. Thus,  the  flow  need  not  be  retained  for  a  long  time.  Another  point  of  view  is  that 
the  benefits  of  flow  visualization  can  be  combined  with  the  acquisition  of  quantitative 
data . 

In  the  following  a  method  is  described  which  supplies  quantitative  data  from  flow 
photographs  by  means  of  a  stereo-photogrammetric  method.  Main  emphasis  is  placed  on 
three-dimensional  flow  fields.  In  addition  an  attempt  is  described  to  use  holographic 
techniques  for  recording  and  surveying  flow  fields. 

2 .  PHOTOGRAMMETRIC  METHOD 

Photogrammetry  as  a  spatial  surveying  method  is  applied  in  different  fields  of  ci¬ 
vil  engineering  and  appropriate  evaluation  methods  have  been  elaborated.  However,  in  fluid 
mechanical  testing  photogrammetry  has  hardly  penetrated.  For  experiments  in  a  water  towing 
tank  the  refraction  of  the  image  light  beams  on  the  air-water  interface  must  be  taken  in¬ 
to  account  (the  cameras  being  in  air  or  water) . 

The  postulate  of  accurate  measurements' sets  certain  standards  on  the  photoqraphic 
and  visualization  techniques  as  well. 
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2.1  SUITABLE  FLOW  VISUALIZATION  TECHNIQUE 

Most  suitable  for  photogrammetric  evaluation  of  photographs  are  suspensions  of  par¬ 
ticles  which  can  be  identified  and  traced  the  photographs.  It  is  necessarv  that-  the 
particles  are  small  enough  to  follow  the  flow  at  any  time* so  that  they  represent  fluid 
markers . 

A  visualization  method  which  satisfies  the  described  condition  to  a  large  extent 
is  the  hydrogren  bubble  method.  For  this  reason  and  because  of  its  simple  handling  this 
technique  has  been  chosen.  In  order  to  facilitate  the  tracing  on  the  photographs  dis¬ 
crete  bubble  lines  (known  as  time  lines)  are  produced  by  pulsing  the  electrical  current 
k  fn  th©  hydrogen  generating  electrolysis  process  (Schraub  et  al .  [1]).  Averaaino  effects 

in  unsteady  flows  are  minimized  by  doubly  exposing  the  photographs,  so  that  each  fluid 
marker  is  imaged  twice  on  each  photograph  (Fig.  1).  While  the  recording  of  the  time  be¬ 
tween  two  successive  exposures  can  easily  be  done,  the  main  problem  is^the  determination 
of  the  spatial  displacement  of  the  fluid  markers  from  their  images  on  the  photographic 
plates. 

,  °  .  2  TVJG- MEDIUM  PHOTOGKAMMETRY 

The  photogramme trie  procedure  of  determining  the  spatial  location  of  object  points 
from  their  images  on  the  photographs  is  to  reconstruct  the  imaging  light  ravs  at  the  in¬ 
stant  of  photography.  This  can  be  done  either  in  an  analogue  manner,  i.e.  with  the  aid  of 
an  analogous  restitution  apparatus  or  analytically.  The  first  method  allows  direct  map¬ 
ping  of  the  object  with  the  aid  of  a  plotter  and  is  therefore  commonly  used.  In  commer¬ 
cially  available  apparatus,  however,  the  refractive  interface  water-air  cannot  be  modelled 
so  that  the  less  convenient  analytical  evaluation  procedure  had  to  be  chosen. 

The  geometric  relations  between  object  and  image  points  in  the  stereoscopic  model 
I  of  a  two-medium  space  can  be  derived  from  Fig.  2.  0  and  02  located  at  distance  b  from 

one  another  are  the  perspective  centres  of  the  two  cameras!  >1 .  and  are  the  image 
planes.  The  homologous  perspective  rays  x  .+3  and  XE2+^2  *  centred  in  the  bundle  of 
rays,  which  image  object  points  P  in  their  images  P-?"  and  pi  on  v ,  and  v*>#  are  refrac¬ 
ted  at  the  water  surface  it.  1 

k  If  the  inner  and  outer  orientations  of  the  cameras  are  known,  i.e.  the  camera  geo¬ 

metry  and  the  orientations  of  the  cameras  in  a  given  spatial  coordinate  system,  then 
each  object  point  can  be  reconstructed  with  the  aid  of  the  coordinates  (x  ,y  )  and 
(x2,y2)  of  a  pair  of  homologous  image  points  Pj  and  p’  in  the  image  plane.  Hence,  the 
first  problem  is  to  determine  the  orientation.  If  cameras  with  known  inner  orientation 
are  used,  the  outer  orientation  is  determined  in  two  steps: 

t .  A  geometrical  model  of  the  relative  orientation  of  the  two  cameras  and  their  orien¬ 
tation  to  the  refractive  surface  is  established. 

2.  The  geometrical  model  is  transformed  in  real  scales  into  a  given  spatial  coordinate 
system . 

Reconstruction  of  a  photogrammetr ic  model: 

The  orientation  parameters  establishing  a  photogrammetr ic  model,  i.e.  a  model  of 
the  image  rays  as  existing  at  the  photographing  process,  are:  three  rotations 
for  each  camera,  the  base-altitude  ratio  v =b/h. ,  and  the  inclination  c  of  the  bake  h  1 
against  the  plane  water  surface  (all  the  orientation  parameters  are  depicted  in  Fig.  2). 
There  are  8  unknowns  altogether. 

The  relation  between  the  coordinates  (x.,y.)  and  of  the  ima9e  plane  and  the 

orientation  parameters  is  given  by  the  "intersection  condition"  of  the  image  rays  estab¬ 
lished  by  Rinner  [21 : 


SE1  *  a,  -  b  *  5e2  *  '2  32  <2-1> 

The  orientation  problem  is  solved  if  for  each  homologous  pair  of  imaqe  rays  a  pair 
of  parameters  X  and  >9  can  be  found  for  which  the  intersection  condition  is  fulfilled. 
Hence,  for  determining" the  8  unknowns  of  the  relative  orientation  the  imaqe  coordinates 
of  8  pairs  of  homologous  image  points  are  required.  This  leads  to  the  solution  of  a  sys¬ 
tem  of  8  algebraic  and  transcendental  equations  (2.2)  where  the  intersection  condition 
(2.1)  is  expressed  in  the  orientation  o.-rameters  and  the  coordinates  of  the  image  points 
in  the  image  system 


lcos>:  .  v(_i  -  _1)  .  _1  sin-:  I  (v,(o2  p2  -  w2)  -  v^e,  p,  -  «,  I! 


[u(if  ‘  sini:1  lui,e2  P2  '  V  -  u2(e1  Pi  '  V  =  0 


(2 


2) 


ter»  marked  with  bars  denote  vectors 


e.  p.  =  w .  {1  -  n  *  1  +  - — j — -  —^7 - -)  i  =  1,2 

l  *i  l  n*  wi 

and  n  denotes  the  refractive  index  air  -  water. 

a!  -  xi  cosv,  -  yi  sin\i 

vi  "  Yi  cosH  *  xi  stnXi 

w!  *  f,  cosv.  -  v!  sin.:, 

li  li  i 

v.  =  v?  coso.  +  f.  sinu;. 

ii  i  l  l 

u.  =  u!  cosi.  -  w.'  sin;  . 

i  i  l  l  l 

w.  =  w!  cost.  ♦  u!  sini. 

l  l  l  l  i 

u,  ,  vi#  are  the  coordinates  of  the  image  points  in  the  coordinate  system  of  the 
photogrammetric  model  centred  in  0^ 

The  orientation  parameters  being  known,  the  position  of  the  object  points  in  the 
coordinate  system  (u,v,w)  of  the  photogrammetric  model,  positioned  in  0  ,  can  be  calcu¬ 
lated  from  eq. (2 . 3) :  1 

L’  =  '•  57  *  V  U1  12-3) 


u  v0  -  u,  v„ 


us  =  b  ( cos  ■  *  vljji  -  -1)  ♦  -1  sin,) 
2  W1  w2 
v2  vi  v, 

vs  -  -  S1)  *  j~  sin.  ) 

w2  wt  w2 


Transformation  of  the  photogrammetric  model  into  the  given  spatial  coordinate  system; 

The  transformation  of  the  coordinates  IU.V.W)  of  the  photogrammetric  model  into 
the  coordinates  of  the  given  spatial  coordinate  system  (X.Y.Z),  Fig.  3,  requires  two 
"pass  points",  i.e.  two  points  of  known  position.  The  transformation  can  be  written  as: 


where  <X0'Y0'Z0*  are  the  coordinates  of  0^  in  the  qiven  spatial  system. 

For  the  special  case  of  one  coordinate  normal  to  the  refractive  surface  -  as  in 
the  coordinate  system  of  the  photogrammetric  model  the  transformation  matrix  A  is: 


coso  sine  0 
-sino  coso  0 
0  0  1 


the  scaling  factor  m  is: 


(x2  -  X1  ) 

'  ♦  <y2  -  yi1' 

(u2  -  Ul) 

1  *  ,v2  ■  v1  * ' 

where  the  indices  1  and  2  denote  the  coordinat 
model  and  the  given  spatial  coordinate  system. 
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Assuming  b  =  185  mm,  z  =  650  mm  and  f  =  380  mm  as  in  our  case,  the  error  in  the 
image  measurement  Ax  £  0.01  mm  causes  a  photogramme trie  error  in  the  depth  survey  of 

Az  S  0.14  mm. 

The  errors  in  X  and  Y  direction  are  smaller. 

In  order  to  avoid  that  this  photogrammetric  error  is  not  further  increased  by  errors 
in  the  orientauion  parameters  the  latter  m — be  recalculated  for  each  stereo-photograph. 

A  comparison  between  the  survey  of  a  spatial  model  by  means  of  theodolites  and  the 
photogrammetric  method  proved  that  the  estimated  accuracy  is  achieved. 

2 . 3  PHOTOGRAPHY 

For  photogrammetric  purposes  basically  any  camera  can  be  used.  For  a  regular  camera, 
however,  the  inner  orientation  (i.e.  the  position  of  the  perspective  centre  of  the  objec¬ 
tive  with  respect  to  the  image  coordinate  system)  has  to  be  found  for  each  photograph. 

This  can  be  done  with  the  aid  of  a  spatial  system  of  pass  points  which  must  be  imaged 
and  measured  on  each  photograph  (Jacobi  [3]).  In  order  to  avoid  this  effort,  stereometric 
cameras  are  generally  used,  i.e.  cameras  with  fixed  inner  orientation.  Frame  markers 
in  the  image  plane,  when  imaged  on  the  photographs,  allow  the  image  coordinates  to  be  gi¬ 
ven  with  respect  to  the  perspective  centre.  Such  cameras  cannot  be  focussed  and  are  there¬ 
fore  not  appropriate  for  photographs  at  close  but  different  range  as  is  necessary  for  re¬ 
solving  small  bubbles  of  20  urn  in  diameter.  Hence,  a  stereometric  camera  was  constructed 
which  is  adapted  to  our  special  application  (Fig.  5,  Bippes  [4]).  Both  objectives  are 
incorporated  in  a  common  housing.  The  focal  length,  the  base  length,  an  inclination  of 
the  common  image  plane,  and  the  section  of  it  chosen  for  the  photograph  can  be  adjusted 
mutually  by  means  of  micrometers.  The  camera  is  mounted  parallel  to  the  water  surface 
with  the  optical  axes  normal  to  it.  With  the  aid  of  the  described  arrangements  the  num¬ 
ber  of  orientation  parameters  to  be  calculated  and  the  number  of  pass  points  required 
for  it  is  reduced, 

2.4  ON  THE  FEASIBILITY  OF  THE  METHOD 

As  already  emphasized  the  photogrammetric  method  described  combines  the  benefits 
of  flow  visualization  with  the  possiblity  of  providing  quantitative  data.  The  measu¬ 
ring  process  does  not  exceed  the  time  of  exposure.  The  locations  of  interest  for  mea¬ 
surements  can  be  chosen  in  the  visualized  flow  field  at  any  time  after  the  test.  On  the 
other  hand  some  efforts  have  to  be  made  to  create  a  system  of  pass  points  the  relative 
locations  of  which  must  be  surveyed  very  precisely.  Extensive  microscopic  image  analy¬ 
sis  can  be  tiresome  and  finally  the  measuring  equipment  for  this  special  application  is 
not  commercially  available. 

The  effectivity  of  the  method  may  be  shown  in  two  examples.  The  first  one  stems 
from  measurements  of  the  axial  velocity  in  the  core  of  the  trailing  edge  vortices  (Bippes 
[5]).  Such  vortices  undergo  an  apparently  random  wandering  which  is  also  influenced  by 


the  downstream  development  of  instabilities.  Hence,  the  position  of  fixed  hot-wire  probes 
relative  to  the  vortex  axis  varies  with  time.  Fig.  6  shows  for  comparison  profiles  of 
the  axial  velocity  in  the  vortex  core  measured  with  the  photo-optical  method  and  with 
hot-wire  anemometer  (Baker  [6]).  It  is  suggested  that  the  pointed  shape  of  the  profile 
is  missed  in  the  hot-wire  measurements,  because  of  the  uncertainty  of  the  probe  position 
with  respect  to  the  vortex  axis. 

The  second  example  shows  a  result  of  the  investigation  of  the  unstable  laminar  boun¬ 
dary  layer  flow  along  a  concave  wall  (Bippes  [4]).  In  such  a  flow,  Taylor-Gortler  vor¬ 
tices  develop  as  primary  instability.  In  Fig.  1  this  instability  manifests  itself  by  the 
sinusoidal  deformation  of  the  time  lines  (in  undisturbed  laminar  flow  the  time  lines  are 
straight  lines) .  Further  downstream  the  originally  straight  vortices  undergo  an  oscilla¬ 
ting  motion  so  that  the  position  of  the  hot-wire  probes  again  becomes  uncertain  (Fia.  7 a) . 
This  is  illustrated  by  the  irregularity  of  the  instantaneous  hot-wire  signal  of  probe  1 
in  Fig.  7b  which  displays  the  existence  of  travelling  waves  with  maximum  amplitude  in 
the  streamwise  zones  of  low  velocity  (zone  b  in  Fig.  1).  For  measuring  the  disturbance 
profiles  (Fig.  8)  and  the  amplification  rate  of  Taylor-Gdrtler  vortices  (stationary 
waves)  the  photogrammetric  method  again  proved  to  be  adequate  because  it  allows  to  iden¬ 
tify  the  streamwise  zone  a  or  b  (Fig.  1)  along  which  the  measurements  have  to  be  taken. 

In  the  literature  there  are  some  examples  where  quantitative  data  were  taken  from 
mono-photographs.  Such  a  procedure  is  only  admissible  in  the  ideal  case  of  plane  flows. 

As  an  example.  Fig.  9  shows  the  deformation  normal  to  the  wall  of  the  time  lines  displayed 
in  Fig.  1.  It  is  obvious  that  without  any  knowledge  of  this  deformation,  boundary  layer 
measurements  may  be  misleading. 

3.  DISCUSSION  OF  A  HOLOGRAPHIC  DEVICE  FOR  RECORDING  AND  SURVEYING  THREE-DIMENSIONAL 
FLOW  FIELDS 

A  further  method  for  recording  three-dimensional  flow  fields  on  two-dimensional 
photographic  plates  is  holography.  In  contrast  to  conventional  photography  not  only  the 
intensity  distribution  of  the  light  scattered  by  the  object  is  stored,  but  also  the  phase 
relations.  Thus,  it  is  possible  to  reconstruct  the  wave  fronts  emanating  from  the  object 
in  real  scales.  This  quality  also  facilitates  the  quantitative  evaluation.  It  allows  the 
reconstructed  three-dimensional  object  to  be  viewed  under  a  range  of  angles  which  is 
only  restricted  by  the  size  of  the  hologram.  Any  motion  of  the  object  can  be  recorded 
with  the  aid  of  holographic  interferometry,  a  property  which  can  also  be  utilized  for 
velocity  measurements. 

The  limitation  of  holography  for  recording  and  reconstructing  flow  fields  visualized 
with  the  aid  of  hydrogen  bubbles  is  the  limiting  resolving  power  of  the  holoaram.  For  the 
same  reasons  as  for  the  stereo-photogrammetric  method  the  hydrogen  bubble  technique  is 
proposed  for  flow  visualization. 

3.1  *  RECORDING  ARRANGEMENT 

The  design  concept  of  the  holographic  arrangement  has  to  be  adapted  to  the  given 
application.  The  testing  facility  sets  bounds  to  the  geometry  of  the  holographic  device. 
The  size  of  the  fluid  markers  prescribe  -  the  required  resolving  power. 

Basically,  for  recording  the  transparent  hydrogen  bubbles,  the  simpler  in-line 
arrangement  with  only  one  beam  path  could  have  been  chosen  (the  reference  wave  being  that 
part  of  the  initial  beam,  which  is  not  distorted  by  the  object).  In  this  case,  however, 
the  viewer  of  the  hologram  has  to  look  into  the  expanded  light  beam.  For  this  and  some 
other  practical  reasons  the  off-axis  arrangement  shown  in  Fig.  10  has  been  used.  The 
light  beam  is  divided  by  a  beam  splitter  (T)  into  an  object  and  a  reference  beam.  The  ob¬ 
ject  beam  falls  on  the  hologram  (H)  after  being  scattered  by  the  hydrogen  bubbles  (fluid 
markers)  whereas  the  reference  beam  passes  directly  onto  the  hologram.  A  diffusing  screen 
(M)  illuminates  the  entire  area  of  the  hologram,  and,  conversely,  light  scattered  by 
all  points  on  the  screen  impinges  on  every  portion  of  the  hologram.  As  a  result,  every 
part  of  the  hologram  carries  information  concerning  light  waves  that  have  passed  throuqh 
every  part  of  the  object  at  all  different  angles.  In  this  way  the  full  size  of  the  holo¬ 
gram  contributes  to  the  resolution  (Sect.  3.3)  and  facilitates  the  depth  observation. 

As  coherent  light  source  a  pulsed  ruby  laser  is  used.  The  pulse  duration  is  30  ns, 
i.e.  a  time  scale  in  which  all  motion  is  essentially  frozen.  Thus,  holograms  of  moving 
objects  are  possible  and  the  expenditure  for  stabilizing  equipment  is  reduced.  All  opti¬ 
cal  components  are  mounted  on  positioners  on  an  assembly  of  aluminium  profiles  of  high 
mechanical  quality  which  provide  translation  of  the  positioners  with  the  optical  compo¬ 
nents  as  on  optical  rails.  Supporting  wheels  facilitate  the  transport  of  the  complete 
assembly . 

The  laser  system  used  provides  two-pulse  operation.  It  is  therefore  possible  to  su¬ 
perimpose  two  holograms  so  that  any  motion  of  the  object  between  two  pulses  separated 
in  time  by  a  known  amount,  can  be  observed  as  a  series  of  interference  fringes,  which 
are  frozen  into  the  holographic  plate.  This  technique  allows  a  detailed  study  of  motion. 


3.2  RECONSTRUCTION  ARRANGEMENT 


For  practical  reasons  the  holograms  are  reconstruc ted  in  a  separate  device  with  the 
aid  of  a  He-Ne  laser  as  continuous  light  source  (Fig.  11).  Most  important  for  the  re¬ 
solving  power  in  the  reconstruction  process  is  tne  use  of  a  point  source  for  illumina¬ 
tion  and  the  exact  geometric  reconstruction  of  the  reference  beam.  The  first  condition 
is  approximated  by  introducing  a  microscope  objective-pinhole  diaphragm  (S)  into  the 
beam  path.  The  realization  of  the  second  condition  is  facilitated  by  usina  a  plane  wave 
front  for  the  reference  beam.  The  angle  a  between  reference  and  object  beams  (Fig.  10) 
has  to  be  modified  in  the  reconstruction  arrangement  according  to  the  difference  in 
wave  length  of  the  ruby  and  He-Ne  lasers.  For  the  simplest  case,  where  the  object  beam 
falls  normal  on  the  holographic  plate,  the  modified  angle  is: 


Up-Mo 

dlrp  =  arc  sin (~ -  sinaRp) 

'“ruby 


(3.1) 


As  sketched  in  Fig.  11  two  images  are  generated  by  the  reconstruction  of  the  object 
wave,  the  so-called  virtual  and  real  images.  The  latter,  produced  by  the  conjugate  light 
beam  can  be  imaged  on  a  diffusing  screen  or  on  a  film  in  real  scales  (if  the  above  mentio¬ 
ned  geometrical  conditions  are  satisfied).  By  shifting  the  diffusing  screen  or  film  plane 
through  the  real  image  it  can  be  seen  in  different  sections.  Thus,  an  object  can  be  sur¬ 
veyed  laterally  as  well  as  in  depth. 


3 . 3  RESOLVING  POWER 


As  already  mentioned  the  most  critical  problem  for  the  use  of  holography  is  the  re¬ 
solution  of  the  small  particles  needed  for  adequate  flow  visualization. 

Corresponding  to  the  Raleigh  criterion  the  limiting  resolving  power  of  a  hologram 
is  determined  by  the  diffraction  of  light  by  the  smallest  aperture  (Kiemle  und  Ross  17]). 
The  lateral  resolution  is  then: 


As  =  1.22  ^ 


(3.2) 


where  X  denotes  the  wave  length  of  the  coherent  light  source,  z  is  the  distance 
from  object  to  hologram  and  d  is  the  smallest  aperture. 

The  depth  resolution  is 


Az 


(3.3) 


In  our  recording  arrangement  (Fig.  10)  the  smallest  aperture  is  given  by  the  holo¬ 
gram  size  d  =  100  mm,  the  optical  length  between  object  and  holographic  plate  is  851  mm 
(it  must  be  modified  by  the  refractive  index  air  -  water) ,  and  the  wave  length  of  the 
light  source  is  694.3  nm.  With  these  data  the  resulting  lateral  resolution  calculated 
from  Eq. (3 . 2)  is: 


As  =  7.2  um 

and  the  depth  resolution  corresponding  to  Eq.(3.3)  is: 


Az  =  100.5  4m. 

Thus, the  limiting  resolving  power  calculated  from  Eq.(3.2)  is  sufficient  for  the  re¬ 
solution  of  hydrogen  bubbles  which  are  about  20  um  in  diameter.  Usually,  however,  the 
limiting  resolving  power  can  not  be  achieved  for  a  number  of  reasons,  namely,  the  de¬ 
gree  of  coherence  of  the  light  source  and  insufficient  coherence  length,  respectively, 
and  imaging  errors  such  as  spherical  aberration,  coma  and  astigmatism. 

The  holographic  device  described  so  far  has  been  tested  by  a  simple  object.  It  is 
a  water  tank  with  a  resolution  target  and  hydrogen  bubbles  in  it,  the  hydrogen  bubbles 
being  generated  on  a  helically  deformed  wire  of  20  um  in  diameter.  Fig.  12  shows  the 
object  photographed  from  the  virtual  image  (comp.  Fig.  11).  Fio.  13  displays  details  of 
the  same  object  now  photographed  from  the  real  image  with  the  image  plane  in  different 
sections  of  the  reconstructed  interference  pattern.  It  becomes  evident  that  only  the 
object  points  in  close  proximity  to  the  film  plane  are  well  focussed.  Thus,  the  depth 
of  the  object  can  be  traced  within  the  resolution  calculated  in  Eq.(3.3). 

Fig.  14  stems  from  a  test  in  the  water  towing  tank.  It  shows  a  concentrated  vortex 
shed  from  the  tip  of  a  rectangular  wing  photographed  from  the  virtual  image  of  a  re¬ 
constructed  hologram.  It  can  be  seen  that  the  resolution  of  the  hydrogen  bubbles  is 
poorer  than  in  Fig.  13.  The  reason  is  that  the  distance  between  the  object  and  the  ho- 
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lographic  plate  is  increased  by  about  200  mm.  Hence,  the  limiting  resolving  power  cal¬ 
culated  above  is  not  Cully  achieved.  An  improvement  can  be  accomplished  either  by  opti¬ 
mizing  the  degree  of  coherence  of  the  light  source  and  by  minimizing  imaging  errors  or 
by  enlarging  the  hologram  (see  Eq.  3.2).  The  latter  remedy  is  the  most  simple  and  effec¬ 
tive  but  also  the  most  expensive  one. 

4 .  CONCLUSIONS 

The  principle  of  moving  the  model  through  a  stagnant  fluid  in  a  water  towing  tank 
and  the  relative  ease  of  flow  visualization  favours  some  special  experiments.  The  inter¬ 
mittent  operation  and  the  resulting  settling  times  between  successive  runs  demand  mea¬ 
suring  techniques  which  provide  as  much  data  per  test  run  as  possible.  Flow  visualization 
and  photography  have  proved  to  be  a  powerful  means.  The  flow  pattern  is  frozen  on  a  pho¬ 
tographic  plate  and  can  be  analysed  in  detail  at  any  time  after  the  test.  The  required 
testing  time  is  reduced  to  the  exposure  time. 

For  quantitative  data  reduction  from  the  photographs  a  stereo-photogrammetr ic  me¬ 
thod  has  been  developed.  It  allows  to  reconstruct  analytically  the  imaged  object  in  real 
scales.  For  flow  visualization  the  hydrogen  bubble  technique  has  been  used.  The  photo¬ 
graphs  are  doubly  exposed  within  a  defined  time  interval  so  that  each  fluid  marker  is 
imaged  twice.  Thus,  the  displacement  of  the  fluid  markers  within  the  time  of  successive 
exposures  and  therewith  the  velocity  vector  can  be  determined.  The  feasibility  of  the 
method  is  shown  by  two  examples. 

A  second  method  for  recording  three-dimensional  flow  fields  on  two-dimensional 
photographic  plates  is  holography.  With  the  aid  of  holographic  techniques  not  only  the 
distribution  of  intensity  but  also  the  phase  distribution  of  the  light  scattered  bv  an  ob¬ 
ject  is  stored.  Thus,  it  is  possible  to  reconstruct  the  wave  front  in  real  scale.  A  ho¬ 
lographic  device  for  recording  and  surveying  three-dimensional  hydrogen  bubble  patterns 
is  described.  Some  examples  of  first  tests  are  shown.  The  resolving  power  has  proved  to 
be  the  main  problem  for  recording  hydrogen  bubbles  at  larger  distances. 
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Fig.  1 :  Doubly  exposed  time  line  pattern.  Lines  a  and  b  are  stream- 
wise  zones  of  maximum  disturbance  velocity  in  the  unstable 
laminar  boundary  layer  on  a  concave  wall  (top  view) 


Fig.  2:  Basic  geometry  of  two-medium  photography.  0^  and  02  are  pro¬ 
jection  centres,  ..  is  the  image  plane  of  one  camera,  n  is 
the  refractive  surface,  4>,w,x  ,f  ,h  are  orientation  pa¬ 
rameters,  xEi  and  are  imaoe  ra^s ,  x  is  the  vector  to  the 
image  point  p  ^  B1 


Transformation  of  the  photogrammetric  Fig .  4 : 

model  (coordinate  system  (u,v,w))  with 
object  points  P  into  the  given  spatial 
coordinate  system  fX,Y ,7.;  with  object 
points  P 


Principle  of  estimating 
the  photogrammetric  error 
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5 :  Stereometric  camera  mounted  on  the  trolley  of  the  water  towing  tank 


Velocity  profiles  of  the 
axial  flow  in  a  trailing 
edge  vortex,  measured  10 
wing  chords  behind  the 
trailing  edge  of  a  rectan¬ 
gular  wing  which  was  set 
at  an  angle  of  incidence 
of  10°  .  U  =  axial  velo¬ 
city,  r  =  radial  distance 
from  the  vortex  axis,  and 
b  =  distance  between  a 
pair  of  trailing  vortices 
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7 :  Uncertainty  of  hot-wire  measurements  due 
to  the  unsteadiness  of  the  Taylor-Gortle  - 
instabilities  in  the  unstable  laminar 
boundary  layer  along  a  concave  wall 

a)  flow  pattern  with  hot-wire  probes  in 
streamwise  zones  of  fast  and  low  velo¬ 
city  (top-view) .  The  hydrogen  bubbles 
are  generated  continuously  in  contrast 
to  Fig.  1 

b)  hot-wire  time  signals 


LINEAR  THEORY 


Fig.  8:  Disturbance  profiles  in  the  unstable  laminar  boundary  layei  on  a 
concave  wall 


Fig,  9;  a)  Deformation  of  the  time  lines  in  Fig.  1  by  Tay lor-Gortler  vor¬ 
tices.  y  and  z  are  the  coordinates  normal  to  the  wall  and  in 
the  spanwise  direction,  respectively 
b)  sketch  of  a  system  of  Taylor-Gortler  vortices 


S6  s  DIELECTRIC  MIRROR  S1  2  3  7  =  Al-MIRROR 

T  =  BEAM  SPUTTER  H  =  HOLOGRAPHIC  PLATE 

l3  4  =  diverging  lens  m  =  diffusing  screen 

L  1.2  =  COLLIMATING  LENS 

Fig.  10:  Recording  arrangement  of  the  holographic  system 


H  =  HOLOGRAPHIC  PLATE 

L  =  COLLIMATING  LENS 

S  =  MICROSCOPIC  OBJECTIVE  PINHOLE  OfAPHfiAGM 


Fig.  1 1 :  Reconstruction  arrangement  of  the  holographic  system 
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SUMMARY 

Dual-view  holographic  movies  were  used  to  examine  complex  flows  with  fuLL  three-space 
and  time  resolution.  This  approach,  which  tracks  the  movement  of  small  tracer  particles 
in  water,  is  termed  a  holocinematographic  velocimeter  iHCV).  A  small  prototype  of  a  new 
type  water  tunnel  was  used  to  demonstrate  proof-of-concept  for  the  HCV.  After  utilizing  a 
conventional  flow  visualization  apparatus  with  a  laser  light  sheet  to  illuminate  tracer 
particles  to  evaluate  flow  quality  of  the  prototype  tunnel,  a  simplified  version  of  the 
HCV  was  employed  to  demonstrate  the  capabilities  of  the  approach.  Results  indicate  -.hat  a 
full-scale  version  of  the  water  tunnel  and  a  high  performance  version  of  th-  HCV  should  be 
able  to  check  theoretical  and  numerical  modeling  of  complex  flows  and  examine  the 
mechanisms  operative  in  turbulent  and  vortex  flow  control  concepts,  providing  an  entirely 
unique  instrument  capable,  for  the  first  time,  of  simultaneous  three-space  and  time 
measurements  in  turbulent  flows. 


NOMENCLATURE 

D  tracer  particle  diameter 

n  index  of  refraction 

N  nurnoer  of  far-field  distances 

Re/m  Reynolds  number  per  meter,  C/v 

ReD  Reynolds  number,  UD/v 

t  time 

U  streamwise  velocity 

V  net  velocity  vector  of  tracer  particle 

x  longitudinal  dimension  (streamwise) 

y  vertical  dimension 

z  depth-wise  dimension  (focal  direction) 

j  kinematic  viscosity 

X  wavelength  of  laser  light 


1.  INTRODUCTION 


Fluid  flows  with  turbulence,  vortices,  and  other  time-varying  three -dimens iona 1 
features  are  still  poorly  understood.1  The  physics  of  these  flows  cannot  be  studied 
adequately  since  experimental  data  are  currently  limited  to  temporal  evolution  of  small 
spatial  regions.  One  highly  promising  approach  to  obtaining  more  complete  experimental 
data  for  such  flows  is  the  holographic  velocimeter. 


Most  of  the  previous  versions  of  holographic  velocimeters  use  multiple  exposures  on 
each  hologram  to  determine  tracer  particle  motion. Cne  version  used  a  sequence  of 
multiple  exposures  on  several  frames  to  obtain  a  time  history  of  the  velocity  field. ^  For 
this  holographic  velocimeter,  the  frame-time-separation  was  large  compared  to  the  flow 
dynamics  examined  resulting  in  incomplete  temporal  resolution.  All  of  the  previous 
reasons,  which  either  measured  particle  displacement  or  used  interference  fringe 
information  to  determine  the  velocity  field,  lacked  spatial  and  temporal  resolution.  >  \e 
study  by  Hentschel  and  Lauterborn , ^  however,  described  a  high-speed  holographic  movi<- 
technique  which  was  able  to  take  up  to  4,000  single-exposure  holograms  up  to  300  kHz. 
Although  this  system  was  limited  in  both  resolution  and  field  of  view,  it  allowed  much 
higher  temporal  resolution  than  even  t*>e  present  HCV  for  limited  samples.  None  of  the 
previous  studies  addressed  the  data-handl itig  problem  for  the  high  frequency  case,  and  this 
limited  the  quantity  of  available  reduced  data. 


The  holographic  velocimeter  described  in  the  current  paper  and  used  with  a  low-speed 
water  flow  facility,  overcomes  most  of  the  limitations  of  the  previous  studies.  Recent 
developments  in  laser  technology,  computer  capability  and  mass  data  storage,  along  with  a 
slightly  different  approach  to  determining  the  velocity  field,  makes  possible  a  system 
with  significantly  improved  capability  compared  to  previous  efforts.  Moderately  high- 


*XJse  of  traderrarks  or  names  of  nanufacturers  in  this  paper  does  not  constitute 
an  official  endorsement  of  such  products  or  nanufacturers,  either  expressed  or 
implied  by  the  National  Aeronautics  and  Space  Administration. 


speed  single-frame  holographic  movies  allow  high  tracer  particle  density  and  frame  rates 
adequate  to  resolve  turbulent  flow  details  in  low-speed  water  flow.  Since  particle 
locations  can  be  measured  accurately  in  two  dimensions,  but  less  accurately  a  Long  the 
focal,  axis,**  a  simultaneous  second  view  of  the  fLow  field  is  used  to  obtain  equal  accuracy 
in  all  three  spatial  dimensions.  Particle  locations  are  found  with  an  automatic  image- 
processing  system.  ParticLe  motion,  determined  from  successive  frames  in  the  movie,  is 
used  to  obtain  the  velocity  field.  This  system  is  called  a  holocinematographic 
velocimeter  (HCV).  Figure  1  provides  a  simple  demonstration  of  this  technique. 

A  new  type  of  water  tunnel  has  been  developed  for  use  with  the  HCV.  With  cavitation 
and  free  surface  effects  kept  negligible,  the  tunnel  and  HCV  can  be  used  to  examine  the 
basic  physics  of  many  important  flows.  To  demonstrate  the  performance  of  the  new  water 
tunnel  design,  a  small  prototype  was  built.  Laser  light-sheet  flow  visualization  was  used 
to  examine  the  flow  benind  a  circular  cylinder  at  Reynolds  numbers  just  below  and  just 
above  that  required  to  generate  a  von  Karman  vortex  street.  This  prototype  tunnel  was 
also  used  with  a  limited-performance  version  of  the  HCV  to  demonstrate  proof -of-concept  of 
the  HCV.  Results  of  these  tests  and  details  of  the  planned  full-scale  water  tunnel  and 
high  performance  HCV  system  are  the  subject  of  this  paper. 


2.  EXPERIMENTAL  SETUP 

Table  1  has  a  comparison  of  the  prototype  water  tunnel  and  HCV  used  herein  with  the 

large  water  tunnel  and  higher  speed  HCV  planned  for  the  near  future.  In  either  version,  a 

trade-off  between  field  of  view,  resolution,  and  frame  speed  can  be  made;  therefore, 
specifications  given  are  nominal  values  only. 

2.1  Water  Tunnel 

A  prototype  of  the  water  tunnel  was  constructed  to  demonstrate  flow  performance  and 

for  proof-of-concept  for  the  HCV.  A  sketch  of  this  facility  is  shown  in  Figure  2.  This 

is  a  one-fourth  scale  version  of  the  facility  described  in  Reference  7.  The  tunnel 
consists  of  a  vertical  water- f i l led  pipe  that  is  lowered  by  a  hydraulic  cylinder  past  a 
stationary  model.  The  mode l  is  supported  by  wires,  and  guided  by  side  constraints.  Since 
this  flow  has  no  sidewall  boundary  layer  or  fLow  history,  it  has  very  low  f roe-st ream 
disturbance  levels.  The  run  time  of  several  seconds  is  sufficient  for  operation  of  the 
HCV.  Another  distinct  feature  of  this  facility  design  is  that  the  optical  system  ls 
stationary;  in  tow  tank  testing,  the  moving  carriage  often  creates  a  vibration  problem. 

The  test  section  has  a  7.5  cm  square  cross  section  and  the  entire  tunnel  is  1  meter 
long.  The  tunnel  is  constructed  of  acrylic  plastic  and  has  four  optical  glass  win  lows  5 
cm  wide  by  25  cm  high  that  start  25  cm  from  the  top.  Linear  slide  bearings  ire  used  to 
constrain  the  tunnel  Laterally.  The  tunnel  is  supported  by  a  hydraulic  cylinder  which  is 
connected  to  an  oil  sump  through  an  adjustable  throttle  valve.  The  sump  is  pressurize  1 
with  air  to  raise  the  tunnel,  then  lowered  by  venting  the  air.  A  combination  velocity  and 
position  transducer  allows  the  velocity  to  be  set.  to  ±0.3  mm/sec.  and  the  height  to  be 
measured  to  within  ±0.1  mm.  Figure  3  shows  a  photo  of  the  tunnel  with  cameras  positioned 
on  each  side. 


2-2  Cylinder  Model 

The  model  used  for  the  current  study  was  a  0.0  cm  diameter  circular  cylinder.  The 
model  support  frame  is  mounted  diagonally  across  the  tunnel  and  is  supported  by  two  wires 
going  through  clearance  holes  in  the  top  of  the  tunnel.  The  wires  ate  attached  to  a 
stationary  support  directly  above  the  tunnel.  A  cross  section  of  the  tunnel  with  mo  lei 
and  support  frame  are  shown  in  Figure  4;  a  sketch  showing  the  model  mounted  on  the  support 
is  also  shown.  A  second  cylinder  is  needed  for  rigidity,  but  is  small  enough  and  far 
enough  downstream  so  as  not  to  disturb  the  flow  being  examined.  The  measured  flow  field 
covers  the  center  one-third  of  the  tunnel  and  extends  from  the  base  of  the  cylinder  model 
downstream  to  approximately  3  cm.  The  flow  velocity  was  adjusted  such  that  flow  with  and, 
without  von  Karmen  vortex  streets  could  be  examined. 


2.3  Tracer  Particles 

Small  hollow  glass  spheres  about  40  ,i  in  diameter  were  used  to  trace  the  flow.  These 
particles  were  flotation  separated  to  obtain  uniform  size.  The  particles  had  a  specific 
gravity  of  about  0.4,  a  rise  rate  of  nearly  0.1  cm/sec.  Since  the  motion  of  the  tunnel 
was  vertical,  the  particle  rise  rate  can  simply  be  subtracted  from  the  mode L  velocity  to 
obtain  the  correct  local  flow  velocity.  The  tracer  particles  were  injected  at  the  top  of 
the  tunnel,  then  pulled  down  and  dispersed  with  a  pump,  which  draws  water  from  the  bottom 
of  the  tunnel  and  injects  it  at  the  top.  Rec i rcu 1  a t i ng  the  water  also  eliminated  thermal 


gradients.  When  the  pump  was  shut  off,  flow  currents  damped  within  a  few  minutes,  and 
then  a  run  was  made . 

The  size  of  the  tracer  particles  used  resulted  from  a  compromise  between  image 
quality  and  spacing  required.  In  Reference  8,  the  recommendation  was  made  for  far-field 
in-line  holograms  that  the  particles  should  be  kept  at  or  below  80  far-field  distances 
(N),  where:  2  =  ND  /X.  For  the  present  case,  X  =  .50  y,  N  =  80,  Z  =  22  cm  and  D  = 

40  y  .  The  tracer  spacing  was  further  limited  by  the  total  projected  area  blockage.  For 
the  present  case,  a  1  mm  spacing  through  the  tunnel  would  resulted  in  about  10  percent 
area  blockage,  which  was  near  the  maximum  usable.^ 


2.4  Laser  Light  Sheet 

Flow  visualization,  using  a  laser  light  sheet  to  illuminate  the  tracer  particles,  was 
used  to  evaluate  the  tunnel  flow  quality.  A  25  raw  cw  beam  with  x  -  .51  y  was  obtained 
from  an  air  cooled  argon  ion  laser.  The  setup  shown  in  Figure  5  used  a  3  mm  glass  rod  to 
obtain  a  vertical  light  sheet.  The  light  sheet  entered  the  tunnel  normal  to  the  wall  and 
thus  cut  the  cylinder  model  and  flow  at  45°  (due  to  the  model  being  mounted  diagonally) . 

A  video  camera  with  close-up  lens  was  positioned  perpendicular  to  the  light  sheet.  The 
video  camera  provided  60  partial  frames  (30  full  frames)  per  second  which  were  recorded  on 
a  VCR.  The  video  record  was  enhanced  to  improve  sharpness  and  contrast.  Polaroid 
photographs  were  made  from  the  enhanced  images  to  show  the  flow.  The  streak  length  (due 
to  finite  exposure  and  camera  persistence)  indicated  the  velocity  for  each  tracer 
particle . 


2.5  Holographic  Camera 

A  simplified  version  of  the  HCv  described  in  Reference  7  was  used  for  proof-of- 
concept  tests.  Two  orthogonal  in-line  holographic  cameras  were  used  with  the  set  up  shown 
in  Figure  6.  The  same  argon  ion  laser  (25  mw  at  X  =  0.51  u  )  was  used  for  this  system  as 
for  the  laser  light  sheet  study.  The  laser  beam  passed  through  a  motor  driven  chopper 
disk  with  a  single  slot  3  mm  wide.  The  beam  was  chopped  at  a  radius  of  10  cm,  with  the 
motor  running  at  900  rpm  (15/sec);  this  resulted  in  an  exposure  of  1/2  ms.  An  opto- 
interruptor  set  at  the  edge  of  the  disk  was  used  to  advance  the  35  mm  flight  research  pin 
registration  cameras  between  exposures.  The  cameras  held  the  film  stationary  during  the 
exposure.  The  only  motion  during  an  exposure  was  due  to  tunnel  flow,  and  for  the  low 
tunnel  speeds  used  here  (<  2  cm/sec)  resulted  in  <  10  y  image  smear,  which  was  not 
believed  to  be  significant  for  the  present  study. 

Kodak  LPF-4  fiLm  was  used  in  the  present  study.  This  film  requires  about  10  ergs/cm^ 
to  obtain  good  holograms.  The  resolution  is  about  800  i/mm,  but  in-line  holograms  have 
far  lower  resolution  requirements  than  large  angle  reference  beam  holograms.  Thus, 
acceptable  holograms  were  obtained  for  the  current  study. 


2.6  Holographic  Reconstruction 

The  recons truct ion  setup  is  shown  in  Figure  7.  A  He-Ne  laser  was  used  for  the 
current  study.  The  laser  beam  was  collimated  to  5  cm  diameter.  The  difference  in 
reconstruction  wave  Length  (632  nm)  compared  to  recording  wavelength  (514  nm)  only  changed 
length  scale  of  the  optical  axis.  Since  the  index  of  refraction  of  water  aLso  change 
length  scale  of  the  optical  axis,  the  two  effects  were  combined  in  a  single  length 
sg^le.  The  measured  particle  optical  axis  locations  were  corrected  by  multiplying  by 

-E-rx  x  n,  where  n  =  1.333  for  water  at  22°C. 

514 

The  developed  roll  of  holographic  movie  film  was  placed  in  a  computer-controlled  film 
advance,  which  positioned  each  successive  hologram  and  then  clamped  a  glass  cover  down  to 
keep  the  film  stationary.  This  resulted  in  a  real  image  of  the  tracer  particles  about  15 
cm  beyond  the  film.  A  precision  three-axis  positioner  moved  a  video  camera  to  image  the 
field  of  view  in  small  sections  to  obtain  the  desired  positional  accuracy.  A  microscope 
objective  mounted  on  an  adaptor  tube  imaged  approximately  a  2  mm  square  area  at  a  time. 

The  image  quality  of  reconstructed  holograms  of  the  particle  fields  tended  to  be  poor  due 
to  speckle  and  images  of  out  of  focus  particles,  therefore  a  spatial  filter  was  used  to 
improve  image  quality.  The  filter  with  an  adjustable  holder  is  illustrated  in  the  sketch 
in  Figure  8.  A  band-pa3s  filter  was  selected  to  remove  high  frequency  noise  and  also  to 
enhance  particle  contrast. 

The  hologram  was  examined  in  small  area  sections  as  previously  mentioned,  and  also  in 
1  mm  steps  along  the  focal  axis.  Each  video  image  was  digitized  and  reduced  by  an  image 
analysis  system  which  detected  the  particle  edges  to  determine  the  particle  centroid 
coordinate.  Brightness  level  and  size  criterion  were  used  to  separate  particle  images 
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from  the  noise  remaining  after  spatial  filtering.  Details  of  the  data  reduction  tasks  and 
procedures  are  given  in  Reference  7. 

3.  RESULTS  AND  DISCUSSION 

3.1  Laser  Light  Sheet 

The  flow  directly  behind  the  circular  cylinder  model  was  examined  at  two  flow 
speeds.  Results  of  the  laser  light-sheet  flow  visualization  are  shown  in  Figure  9.  In 
,  the  top  photo,  U  =  0.6  cm/sec,  which  resulted  in  ReD  =  30.  This  was  below  the  eddy 

shedding  velocity,  although  a  separated  region  did  extend  nearly  one  cylinder  diameter 
downstream.  The  left  photo  is  a  1/60  sec  exposure  (1  video  frame)  while  the  right  photo 
is  a  1/8  sec  exposure.  The  total  field  of  view  is  approximately  2  cm  square.  Even  the 
shorter  exposure  had  image  smear  due  to  Videcon  persistence  corresponding  to  several  video 
frames.  With  the  exposure  of  1/8  sec,  {  =  7  frames)  the  velocity  field  was  more  clearly 
defined.  The  lower  two  photos  were  made  at  U  =2  cm/sec  which  corresponded  to  ReD  = 

100.  Again  1  video  frame  and  7  video  frames  are  shown.  Again  the  flow  is  much  more 
clearly  defined  for  the  longer  exposure.  The  eddy  shedding  was  time  dependent,  and  had  a 
period  of  approximately  1.3  sec  for  U  =2  cm/sec.  If  longer  than  1/8  sec  exposures  were 
used,  the  detail  was  smeared  by  variation  in  the  pattern,  hence  a  compromise  between 
streak  length  and  pattern  change  had  to  be  attained.  The  ReQ  at  which  eddy  shedding 
started  was  found  from  other  runs  to  be  between  40  and  50,  which  is  in  good  agreement  with 
the  literature.  The  flow  quality  was  obviously  very  good  even  at  these  very  low  speeds, 
and  it  should  be  even  better  at  the  higher  speed  planned  for  the  larger  scale  facility. 

•  Once  the  mixing  currents  have  completely  damped,  the  only  disturbances  in  the  flow  were 

>  due  to  the  impulse  start  (which  disappear  in  just  over  5  length-scale  time  constants)  and 

,  model  guide  accuracy  (which  can  be  controlled  to  desired  tolerances). 

Discreet  tracer  particles,  which  show  up  as  sharp  individual  lines  of  finite  length, 
allowed  streamlines  rather  than  streak  lines  to  be  observed.  Use  of  dye  visualization  for 
the  same  flow  would  have  shown  loops  of  flow  created  in  the  near-base  region  of  the 
cylinder  which  remain  as  loops  as  they  convect  further  downstream.  Laser  light-sheet 
visualization  of  particles  can  thus  oe  used  to  obtain  quantitative  velocity  field 
information,  but  is  restricted  to  a  two-dimensional  slice.  An  example  of  other  uses  of 
this  technique  was  shown  in  Reference  10. 

3.2  Holographic  Velocimeter 

Proof-of-concept  thus  far  has  focused  on  obtaining  holographic  movies  of  the  flow 
examined  by  the  laser  light  sheet,  and  reducing  the  holograms  to  a  set  of  particle 
coordinates.  The  flow  structures  observed  in  Figure  9  were  >  0.4  cm  in  diameter  with  a 
simple  structure.  This  allowed  a  larger  particle  spacing  for  the  HCV  than  the  minimum 
possible.  For  the  present  case,  a  mean  spacing  of  just  under  2  mm  was  selected.  This 
results  in  fewer  particles  and  simplified  data  reduction. 

Dual  view  holographic  movies  were  made  at  15  frames/sec  for  U  =2  cm/sec.  The  time 
steps  corresponded  to  1.33  mm  movement  in  the  mean  flow  per  frame,  which  gave  temporal 
resolution  slightly  better  than  spatial  resolution.  Since  movement  was  slightly  less  than 
the  mean  spacing,  tracking  of  the  particles  from  frame  to  frame  was  possible.  The 
reversed  flow  region  just  behind  the  cylinder  also  exhibited  lower  speeds  than  the  mean 
flow,  hence  tracking  was  still  possible  as  long  as  a  frame  to  frame  movement  was  less  than 
one-half  the  particle  spacing.  To  reduce  the  particle  coordinates  to  a  common  frame  of 
reference  for  the  two  views,  a  short  strip  of  exposure  was  made  before  the  tunnel  run  with 
a  small  pointed  tube  penetrating  into  the  common  field  of  view.  The  pointed  tip  of  the 
tube  was  used  to  initialize  the  coordinate  system  so  that  all  results  were  referenced  to  a 
known  common  origin.  The  reference  tube  was  removed  before  the  run  began. 

A  data  run  lasting  about  10  sec.  was  made.  This  would  cover  several  cycles  of  eddy 
shedding.  After  the  data  run,  the  film  was  processed  and  loaded  into  the  recons t ruct ion 
optical  setup.  A  typical  video  frame  from  the  reconstructed  image  is  shown  in  Figure 
10.  The  image  quality  without  the  spatial  filter  is  shown  for  comparison  at  the  left  side 
of  the  figure.  The  image  has  a  lot  of  speckle  and  fringe  noise,  and  particle  images  are 
not  smooth.  The  automatic  data  reduction  system  had  difficulty  finding  all  of  the 
particles  and  registered  false  readings.  When  the  band  pass  spatial  filter  was  used  the 
image  looked  like  the  right  side  photograph.  Sharply  focused  particles  appeared  as  smooth 
round  easily-seen  images.  As  the  particle  went  out  of  focus,  it  got  larger  (but  dimmer) 
and  developed  a  diffused  region  around  it.  Even  more  out  of  focus,  and  only  a  few  small 
blobs  remained.  The  use  of  brightness  and  size  thresholds  allowed  only  fairly  sharply- 
focused  particles  of  the  correct  size  to  be  reduced.  Good  agreement  between  the  automatic 
data  reduction  system  and  operator  judgement  was  obtained,  and  proof-of-concept  was 
therefore  demonstrated  to  this  point. 


* 


3.3  Planned  Efforts  for  the  HCV 

Both  views  of  the  data  from  the  phototype  system  will  be  reduced  to  a  magnetic  tape 
record  of  particle  coordinates.  The  merge  and  track  procedures  described  in  Reference  7 
will  be  used  to  generate  a  velocity  data  base.  This  data  will  then  be  compared  to  the 
laser  light  sheet,  and  also  examined  for  any  three-dimensionality.  if  all  procedures  work 
correctly,  the  full-scale  water  tunnel  and  high-speed  version  of  the  HCV  will  be  started. 


4.  CONCLUSIONS 

A  dual  view  holographic  movie  technique  has  been  developed  to  study  complex  flows 
with  three-space  and  time  resolution.  A  prototype  of  a  new  type  water  tunnel  was 
developed  for  use  in  evaluating  the  holographic  movie  technique  as  well  as  the 
conventional  laser  light-sheet  flow  visualization.  Results  of  the  effort  include: 

1.  The  water  tunnel  was  demonstrated  by  examining  the  flow  behind  a  circular  cylinder. 
Conventional  laser-light  sheet  visualization  showed  good  flow  quality,  even  at  very 
low  speeds. 

2.  The  HCV  prototype  system  was  demonstrated  for  a  15  frame/sec  movie  rate. 

3.  Use  of  a  band  pass  spatial  filter  to  improve  holographic  image  quality  resulted  in  a 
clear,  easy  to  reduce  data  image. 

When  the  larger  water  tunnel  and  higher  speed  version  of  HCV  are  completed,  the 
system  should  be  able  to  check  theoretical  modeling  of  complex  flows  and  examine  the 
mechanisms  operative  in  turbulent  and  vortex  flow  control  concepts. 
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Comparison  of  Prototype  HCV  System  to  Planned  HCV  System 


Cross  Section  of  TunneL 

Length  of  Tunnel 

Maximum  Plow  Speed 

Water  Temperature 

Maximum  Reynolds  No.  per  Meter 

Type  leaser  Used 

Laser  Pulse  Rate 

Laser  Pulse  Duration 

Film  Exposure  Rate 

Camera  Used 


Field  of  View 


Prototype  HCV 
7.5  x  7.5  cm 

1  m 

0.1  m/s 
20®C 

1.1  x  LO5 
Argon  Ion 
(chopped)  15  pps 
0.  5  ms 
15  fr/sec 

35mm  pin  registration 
framing  camera 
(F Light  Research) 

2  cm  x  3  cm 


Planned  HCV 
25  x  25  cm 
4  m 
1  m/ s 
20-60°C 
2.2  x  106 
Copper  vapor 
7 , 000  pps 
30  ns 

700  fr/sec 
35mm  continuous 
film  transport 
( Hytax ) 

2.5  cm  x  4  cm 


ilxariplf*  turkAdn!  far  ini]  st*pi 

•  '.'ik*-  Vjloqrapt.ic  mvn»  of  l-i!  fl-w.  *ith  tracer  particles 

•  first  in  each  sequential  oair  of  frjr»s  —  x.  v  /  af  < 

•  v.**r.n<J  in  W'f  'S  located  — *  A>  AY  .V  dl  At 

•  idta  rw'ui’.tion  for  entire  movie  yields  'in  real  tinn  V'X  v  /  ti 

Fig.  1.  -  The  detenni nation  of  time- varying 
velocity  fields  with  HCV. 


Fig.  3.  -  Photo  of  prototyrie  vertical 
<*ater  tunnel. 


Fig.  2-  -  Prototype  vertical  v«ter  tunnel. 


17-1 


ETUDE  EXPERIKENTALE  DE  NAPPES  TOURBILLONNAIRES  EN  ECOULEMENT  PLAN 

par  Christian  BERGER,  Kagali  BOURGEOIS,  Gerard  LAVERGNE,  Christine  LEMPEREUR, 
Jean-Michel  MATH E 

OFFICE  NATIONAL  D' ETUDES  ET  DE  RECHERCHES  AEROSPATIALES 
CENTRE  D' ETUDES  ET  DE  RECHERCHES  DE  TOULOUSE 

Departement  d' Etudes  en  Mecanique  et  Energetique  des  Systemes  (DERMES) 

2,  Avenue  Edouard  Belin.  31055  TOULOUSE  CEDEX 
FRANCE 


RESUME  : 

Dans  le  but  d'une  etude  experimentale  de9  instabilites  de  cisaillement  en  ecoulement 
laminaire,  un  canal  hydraulique  vertical  a  ete  realise  de  facon  a  generer  une  confluence  de  deux  ecoule- 
ments  bidimens ionnels  a  vitesses  differentes.  Cette  etude  consiste  a  caracteriser  les  instabilites  se 
developpant  en  aval  du  culot  droit  a  partir  de  releves  de  prof  11s  de  vitesse  par  anemometrle  laser  et  de 
dlfferentes  techniques  de  visualisations  et  de  traitement  d' Images.  Le  nombre  de  Reynolds  calcule  sur  la 
largeur  du  culot  et  la  moyenne  des  deux  vitesses  est  inferieur  a  600.  La  modelisation  de  ce  type  d' ecoule¬ 
ment  a  l'aide  de  nappes  tourblllonnaires  emises  aux  extremites  du  culot  permet  la  restitution  de  lignes 
d1 emission  comparables  a  cel les  observees  sur  1’ experience . 

I  -  INTRODUCTION 

La  couche  cisaillee  est  un  des  ecoulements  fondamentaux  dont  la  description  sert  de  base  a  des 
oodeles  de  turbulence  et  a  la  comprehension  des  mecanismes  d ' instabilite -  L'etude  qui  en  est  faite  ici, 
s'appuie  essentiellement  sur  une  analyse  quantitative  par  visualisations  couplee  a  des  techniques  anemo- 
metriques  classiques.  L' interpretation  s’effectue  en  associant  aux  valeurs  instantanees  les  configurations 
correspondantes  de  l'ecoulement .  Les  essais  sont  realises  en  tunnel  hydrodynamique  a  nombre  de  Reynolds 
modere  ou  les  instabilites,  a  la  frontiere  du  laminaire  et  de  la  turbulence,  sont  suf f isamment  propres 
pour  une  observation  directe  et  lentes pour  permettre  un  traitement  en  temps  reel  par  des  moyens  video 
classiques.  L'interet  d'une  telle  approche  est,  d'une  part  de  transformer  en  s'aidant  de  la  microinforma- 
tlque,  les  techniques  de  visualisation  en  instruments  de  mesures,  et  d'autre  part  de  fournir  directement 
aux  numerlciens  des  bases  de  donnees  autres  que  le  champ  de  vitesses. 

L’ identification  d'un  calcul  numerique  par  le  champ  de  vitesses  ou  de  pression  reste  delicate 
pour  les  ecoulements  turbulents  tant  que  les  modeles  necessitent  une  fermeture  dont  la  generality  n'est 
pas  assuree. 

Les  logiciels  dont  dispose  le  numericien  permettent  maintenant  des  representations  graphiques  en 
couleur  et  en  variables  Lagrangiennes  dont  1’ interpretation  est  plus  rapide  qu'un  listing  et  qui  rappro- 
chent  les  simulations  numeriques  des  observations  experimentales.  L'etude  presentee  dans  cet  article  qui 
comprend  trois  parties  prlncipales  (visualisations,  mesures,  calculs)  decrit  une  instabilite  quasi  bidi- 
mensionnelle  derriere  une  plaque  plane  d'epaisseur  non  negligeable  dont  le  sillage  propre  vient  interferer 
avec  la  couche  de  melange.  En  liaison  avec  les  nutnericiens  de  la  turbulence,  une  etude  a  ete  faite  sur 
1' influence  d'une  preturbulence  de  grille  sur  le  developpement  de  1 ' instabil ite  (Ref.  1). 

II  -  MOYENS  D' ESSAIS 

II . 1 .Canal  hydrodynamlque 

L' installation  a  ete  specialement  realisee  pour  generer  une  confluence  d' ecoulements  bidimen- 
sionnels.  L'ensemble  de  1' installation  presentee  sur  la  figure  1  se  compose  de  : 

-  Deux  reservoirs  d'alimentation  de  lm^  chacun  munis  de  differents  trop-pleins  qui  assurent 
la  regulation  en  charge. 

-  La  chambre  de  tranquillisation  equipee  de  filtres  et  grilles  et  le  convergent  sont  divises 
par  une  cloison  etanche  qui  vient  affleurer  a  l'entree  de  la  veine  d’essais. 

-  Une  veine  d'essals  en  plexiglass  de  section  d'entree  20  cm  x  30  cm  et  de  sortie  22  cm  x  30  cm 
pour  une  hauteur  utile  de  1  m.  Ce  canal  est  legerement  prismatique  pour  attenuer  les  effets  de  couches 
limltes  sur  les  faces  laterales.  L'extremite  de  la  cloison  de  separation  est  amenagee  pour  recevoir  diffe- 
rentes  formes  de  culot  (culot  rectangulaire ,  culot  droit,  culot  evide...). 

Les  conduites  d' alimentation  de  la  chambre  de  tranquillisation  sont  equipees  de  debitmetres  et 
de  vannes.  Un  circuit  d'asservissement  permet  d'afficher  le  rapport  de  vitesses  desire.  Les  performances 
de  1 ' installation  autorisent  une  vitesse  maximum  de  7  cm/s.  Le  nombre  de  Reynolds  calcule  sur  la  largeur 
du  culot  et  la  moyenne  des  vitesses  reste  inferieur  a  600. 

La  qualification  de  la  veine  d'essais  par  sondage  L.D.A.  a  permis  de  verifier  l'unlformite  du 
profil  de  vitesses  avant  1 ' implantation  de  la  cloison  de  separation. 


II. 2.  Moyens  de  visualisations 


Les  visualisations  sont  effectuees  a  partir  de  differents  traceurs  : 

-  injection  de  colorant  :  soit  localement  par  filets  colores,  soit  globalement  en  colorant 
l'un  des  ecoulements. 

-  injection  de  particules  de  polystyrene  non  expansees  de  densite  voisine  de  celle  de  l'eau 
qui  peuvent  etre  introduites  une  a  une  par  un  injecteur  ou  en  amont,  par  paquets,  de  facon  a  les  repartir 
dans  l'ecoulement. 

-  generation  de  bulles  d'hydrogene  :  les  bulles  d'hydrogene  sont  produites  par  un  fil  de 
nickel  (cathode)  tandis  qu'une  plaque  de  cuivre  placee  en  fond  de  cuve  constitue  l'anode. 

L'application  d'une  tension  continue  permet  l'electrolysede  l'eau  et  la  production  de  bulles 
d'hydrogene. 

Ces  traceurs  sont  eclaires  par  une  tranche  lumineuse  placee  transversalement  a  l'ecoulement. 


Les  traceurs  sont  choisis  en  fonction  de  1' analyse  recherchee.  Les  particules  sont  utllisees  pour  une 
etude  Lagranglenne  permettant  de  calculer  les  vitesaes  locales.  Les  colorants  liquldes  forment  des 
llgnes  continues  qui  materialisent  des  lignes  particulieres  de  I'ecoulement  (lignes  d' emission,  inter¬ 
faces,  etc..). 

11.3.  Moyens  d1 acquisition 

Les  systemes  d' acquisition  et  de  traitement  d' images  ont  ete  developpes  au  departement  et 
sont  presentes  en  detail  dans  la  reference  (2).  11s  se  composent  essentiellement  de  :  (Fig.  2) 

-  un  capteur  optique  :  magnetoscope ,  camera  video  ou  matricielle  de  type  C.C.D  de  resolution 

488  par  384, 

-  une  Interface  permettant  le  suivi  de  particules  ou  1' extraction  de  contours, 

-  un  microcalculateur  BFM  186  organise  autour  dfun  microprocesseur  8086  associe  a  un  proces- 
seur  arlthmetique  8087. 

Le  systeme  de  trajectographie  a  pour  fonction  d'acquerir  la  position  de  traceurs  particulaires  a  chaque 
instant.  Ces  particules  diffusent  la  lumiere  incidente  et  apparaissent  cotnme  des  taches  brillantes 
facilement  detectables  par  un  dispositif  a  seuil.  Les  positions  des  particules  sont  acquises  a  la  frequen¬ 
ce  de  la  camera  (50  ou  60  Hz)  puis  sauvegardees  sur  memoire  de  masse.  La  duree  d'un  essai  peut  atteindre 
plusieurs  milliers  de  frames.  Le  systeme  d'extraction  de  contours  realise  1 ' acquisition  d' images  codees 
sur  1  a  4  bits  avec  une  definition  de  256  x  256  elements  d* images.  La  numerisation  et  la  sauvegarde  dans 
la  memoire  centrale  du  calculateur  ont  lieu  en  temps  reel  video  (icl  a  la  frequence  de  50  Hz)  permettant 
d'acquerir  en  contlnu  plusieurs  trames  successives. 

1 1 . 3 . 1 .  Acguisition_de_t ra jec toi r es 

Des  logiciels  de  traitement  restituent  en  temps  differe  les  trajectoires  des  particules  et 
les  vitesses  ou  accelerations  correspondantes.  Un  lissage  recursif  a  nombre  de  points  variable  peut  even- 
tuellement  etre  effectue  sur  ces  trajectoires.  La  presence  de  trois  trajectoires  suf f isamment  proches 
permet  une  evaluation  a  chaque  instant  du  rotationnel  moyenne  sur  le  triangle  forme  par  ces  particules. 

11.3.2.  Extract ign_de_cgnt ours 

Le  signal  video  est  envoye  sur  une  interface  qui  analyse  les  gradients  de  luminance  suivant 
huit  directions  autour  de  chaque  pixel.  On  memorise  ainsi  le  numero  de  la  frame  (temps),  les  coordonnees 
de  l'origine  du  contour  et  les  valeurs  des  vecteurs  directionnels  qui  le  definissent.  A  partir  de  l'acqui- 
sition  brute  du  contour,  des  logiciels  permettent  d'araeliorer  la  restitution  du  contour  (lissage,  continui¬ 
ty  de  la  ligne,...)  (Figure  3) 

III  -  DESCRIPTION  DE  L*  ECOULEMENT 

Les  resultats  presentes  dans  cet  article  concernent  la  configuration  avec  le  culot  droit  qui 
s' est  averee  la  plus  interessante  du  point  de  vue  de  la  stabilite.  Ce  type  d'ecoulement  represente  un 
equilibre  entre  l'effet  de  slllage  et  l'effet  de  cisaillement .  Les  visualisations  ont  fait  apparaltre 
deux  structurations  differentes  de  I'ecoulement  (Fig.  4,  5). 


Pour  des  vitesses  voisines,  le  slllage  domine  et  on  observe  la  configuration  caracteristique  en 
tourbillons  alternes.  Pour  des  rapports  de  vitesses  plus  eleves,  le  cisaillement  impose  une  seule  allee 
tourbillonnaire  qui  caracterise  la  couche  de  melange.  Cet  ecoulement  est  a  rapprocher  de  I'ecoulement 
cisaille  pur  rencontre  derriere  une  plaque  mince.  Un  rapport  de  vitesse  critique  de  1,5  a  mis  en  evidence 
une  bifurcation  dif f erenciant  tres  nettement  les  deux  regimes.  Les  figures  4  et  5  illustrent  cette  dif¬ 
ference  de  structuration. 

IV  -  CARACTERISATION  DE  LA  ZONE  DE  MELANGE 

L'evolution  d'uue  coucue  de  melange  »e  developpani  derriere  une  plaque  mince  est  generalement 
lineaire.  Ce  resultat  est  d'ailleurs  confirme  par  les  theories  analytiques  de  couches  Unites  (Ref.  3) 
qui  permettent  de  relier  le  taux  d' expansion  de  la  zone  de  melange  au  rapport  de  vitesses.  Dans  le  regime 
a  deux  nappes  la  superposition  des  contours  a  differents  instants  donne  une  enveloppe  que  l'on  a  cherchee 
a  comparer  au  slllage  determine  par  les  reieves  de  vitesses  (methodes  classiques). 

L'extraction  de  contours  montre  de  fagon  evidente  la  periodicite  du  phenomene.  Un  des  problemes 
important  des  modelisations  en  ecoulement  turbulent  est  la  liaison  entre  le  mecanisme  de  diffusion 
(dispersion  statlstlque)  et  la  convection.  Ainsi  le  probleme  de  la  liaison  entre  la  periodicite  spatiale 
et  temporelle  est  une  question  importante  de  1 ' instability  laminaire  (Ref.  4  ). 

L' aspect  periodlque  dans  l'espace  est  directement  observable  mats  il  est  important  dans  cette 
analyse  de  preciser l'evolution  de  la  periode  spatiale.  Trois  techniques  differentes  ont  ete  confrontees 
pour  lndlquer  l'evolution  de  cette  periode  : 

-  par  film  chaud 

-  par  colorimetrie  (Ref.  5  ).  Variation  de  la  luminance  moyenne  dans  une  fenetre  d'analyse 

-  par  extraction  de  contours. 

Ces  trois  techniques  indiquent  une  division  du  slllage  en  deux  ou  trois  zones  (Fig.  6  )  ; 

-  une  zone  de  formation  proche  du  culot 

-  une  zone  correspondant  a  1 ’ enroulement  des  tourbillons  (zone  principalement  etudiee) 

-  une  region  ou  la  diffusion  est  terminee  et  seule  la  convection  d  ' ensemble  reside  (tourbillons 
fossiles  ou  formes  passives) 

-  cinematique  de  la  zone  de  melange. 

Les  techniques  de  visualisation  decrites  dans  Le  paragraphe  precedent  fournissent  une  restitu¬ 
tion  a  partir  des  acquisitions  des  trajectoires  ou  des  lignes  particulieres  qui  permettent  une  etude  de 
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la  cinematique  des  grosses  structures.  En  particulier,  la  regularity  des  formes  observees  autorise,  non 
seulement  le  calcul  des  vitesses  mais  auceiles  rayons  et  centres  de  courbure  instantanes.  La  figure  7 
montre  des  centres  de  courbure  calcules  a  partir  de  1' interface  directrice.  Ce  depouillement  ne  peut  etre 
transpose  en  ecoulement  tridimensionnel  turbulent.  Le  filtrage  de  ces  acquisitions  (centre  de  courbure 
unique)  peut  servir  de  ccmparaison  directi?  a  une  methode  numerique.  Dans  ce  contexte  la  comparaison  ave«. 
des  modeles  macroscopiques  permet  la  validation  de  calculs  des  grosses  echelles. 

Des  exemples  de  trajectoires  sofit  presences  sur  les  figures  8  et  9  pour  Les  deux  cas  d' ecou¬ 
lement.  Une  evaluation  du  rotationnel  moyen  peut  etre  effectuee  a  partir  du  suivi  de  trois  particules 
voisines  formant  un  triangle  pendant  plusieurs  trames  successives  .  Un  exemple  de  resultar.  est 

indique  sur  la  figure  10  .  Cette  technique  peut  etre  appliquee  a  1' ensemble  de  l'ecoulement  et  peut  per- 
mettre  de  determiner  les  limites  de  l'ecoulement  irrotationnel . 

L' enregistrement  successif  de  plusieurs  trajectoires  permet  la  restitution  a  posteriori  de 
champ  de  vitesse  moyenne  en  phase  si  1 'acquisition  est  effectuee  avec  une  reference  de  temps  liee  a 
l'ecoulement.  Ce  reperage  de  phase  est  lei  dorme  par  un  signal  lumineux  delivre  par  une  diode  couplee  a  un 
film  chaud  situe  dans  le  slllage,  proche  du  culot.  La  fluctuation  sinusoldale  de  la  vitesse  mesurco  par  le 
film  chaud  conditionne  l'eclairage  de  la  diode.  Periodiquement  ce  signal  lumineux  est  acquis  en  merne  temps 
que  les  particules.  A  partir  de  ce  reperage  de  phase,  il  esc  ensuite  aise  d'effectuer  un  depouillement  et 
de  restituer  des  champs  de  vitesses  instantanees. 

Des  exemples  de  champs  obtenus  a  differents  instants  dans  le  cas  du  regime  a  une  nappe  sont  pre¬ 
sences  sur  la  figure  11. 

Un  tres  grand  nombre  d’acquisition  de  trajectoires  est  necessaire  pour  obtenir  un  champ  de  vites¬ 
se  avec  une  bonne  resolution. 

A  partir  de  l'acquisition  brute  du  contour  de  1' interface  obtenu  par  coloration  de  l’un  des  deux 
ecoulements,  des  logiciels  permettent  d'une  part,  un  pretraitement  et,  d'autre  part,  la  determination  de 
parametres  geometriques  (calcul  des  coordonnees  x,  y,  determination  des  centres  de  rotation,  forme  de 
l'enveloppe  moyenne  de  1' interface) .  (Figure  12  ).  L’erreur  commise  lors  de  l'acquisition  est  de  l'ordre 

du  pel. 

L'interface  reproduite  est  legerement  "tronquee”  au  niveau  de  1 ' enroulement  le  plus  prononce, 
ceci  est  du  a  une  legere  diffusion  du  colorant. 

Calcul  du  champ  de  vitesses  a  partir  de  l'interface. 

Les  interfaces  numerisees  peuvent  etre  sensiblement  superposables  en  les  decalant  de  la  vitesse 
moyenne  de  convection.  Cette  observation  permet  de  considerer  l'interface  comroe  une  ligne  de  glissement 
L’interface  est  dlscretisee  en  segments  tourbillonnaires  dont  les  intensites  sont  calculees  a  partir  de 
l'hypothese  pr4cedente.  Ce  type  de  calcul  fournit  une  estimation  du  champ  de  vitesses  instantanees. 

(Fig.  13  ) ,  le  champ  moyen  est  obtenu  par  superposition  de  plusieurs  champs  de  deformation.  (Fig.  14). 

V  -  SIMULATION  NUMERIQUE  DE  L'ECOULEMENT 

On  definit  un  domaine  de  calcul  limite  par  les  parois  de  la  veine,  une  portion  du  culot  et  les 
sections  d' entree  et  de  sortie  de  l'ecoulement.  La  section  d'entree  est  a  5  cm  en  amont  du  bord  de  fuite 
du  culot,  la  section  de  sortie  est  a  25  cm  en  aval. 

La  frontiere  est  dlscretisee  en  segments  : 

-  10  segments  sur  les  parois  de  la  veine 

-  6  segments  pour  chaque  section  d'entree 

-  9  segments  pour  representer  le  culot. 

Chaque  segment  est  porteur  d'une  singularity  de  type  source  ou  puits,  d'intensite  constante.  Sur 
les  parois  solides,  on  impose  la  condition  d' impermeabilite  Vn  =  0  et  sur  les  sections  d'entree  la  vitesse 
correspondant  au  rapport  de  fonctionnement  choisi.  Les  intensites  inronnues  X  verifient  une  equation  line- 
aire  de  la  forme  A.X  *  B 

ou  A  represente  la  matrice  des  coefficients  d'influence  mutuels  et  B  le  vecteur  colonne  des  vitesses  nor- 
males.  Ce  systeme  est  resolu  a  l'instant  initial  pour  calculer  l’ecoulement  potentiel  qui  constitue  la 
premiere  etape  pour  le  developpement  du  calcul. 

A  l'instant  t  -  0,  on  injecte  des  singularites  de  type  tourbillon  er.  deux  points  situes  de  part 
et  d'autre  du  culot.  Ces  points  sont  legerement  decales  des  parois  pour  tenir  compte  des  couches  limites 
sur  la  cloison  de  separation.  (Fig.  15). 

L' injection  se  fait  alternativement  d'un  point  a  l'autre  avec  des  signes  opposes,  a  une  frequen¬ 
ce  correspondant  a  celle  de  1* instability.  L* intensity  des  tourbillons  est  imposee  suivant  les  valeurs 
des  vitesses  d'entree.  Sur  chaque  periode,  l'lntensite  varie  a  chaque  pas  de  temps,  suivant  une  loi  expo- 
nentielle  de  la  forme  f*  =  •#  exp  (  -  t/  &  )  ou  ^  represente  l'amplltude  et  ^  la  constante 
d 'amortissement.  Une  ligne  d'emission  est  calculee  en  injectant  sur  l’axe  de  symetrie  (ou  en  tout  autre 
point  de  l'ecoulement)  un  marqueur  passif  dont  il  suffit  de  suivre  l'evolution.  La  figure  16  represente 
un  exemple  de  ligne  d’emission  pour  le  regime  a  deux  nappes. 

VI  -  INFLUENCE  D'UNE  PRETURBULENCE 

On  etudie  dans  ce  paragraphe  1' influence  d’une  preturbulence  sur  la  formation  et  le  developpe¬ 
ment  des  instabllites.  La  turbulence  est  generee  par  une  grille  du  cote  de  la  vitesse  la  plus  faible  et 
situee  a  3,5  cm  en  amont  du  culot. 

La  turbulence  devient  homogene  et  isotrope  au  dela  d'une  distance  de  l'ordre  de  40  a  50  fois 
la  dimension  de  la  raallle.  Le  niveau  de  turbulence  decroft  en  fonction  de  la  distance  aval  selon  une  loi 
de  la  forme  (Ref.  6  ) 
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U 

U' 


*1  +  *2  S 


avec  U  module  de  la  vitesse 

U*  fluctuation  de  la  vitesse 

X  abscisse  a  partir  de  la  grille 
M  dimension  de  la  maille 

Kp  ^2  constantes 


Trois  grilles  metalliques  a  mailles  carrees  et  a  fils  ronds  sont  utilisees  : 

G1  M  -  i  tnm  Df  *  0.5  mm 

G2  M  *  3.5  mm  Df  *  0.75  mm 

G3  M  =  5  mm  Dj-  ■  1 . 3  nun 

En  colorant  un  des  deux  ecoulements  en  presence  de  la  grille,  on  peut  visualiser  la  formation 
et  le  developpement  des  instabilites  qui  restent  bien  observables  corame  dans  le  cas  sans  grille.  Mais, 
pour  une  meme  vitesse  moyenne,  le  rapport  de  vitesse  critique  separant  les  deux  regimes  est  d'autant  plus 
faible  que  la  maille  de  la  grille  est  petite,  comme  l'indlque  le  tableau  ci-dessous. 


Sans  grille 

G3 

G2 

G1  5 

■  VI 

;  V2 

1.4 

1.26 

1.23 

1.13  . 

Pour  preciser  1* influence  de  la  grille  sur  la  zone  de  melange,  dec  spectres  d1 amplitude  de  vites- 
ci i  ont  ete  etablis  dans  differentec  sec Clone  de  1 '^coulement .  Lo  figure  17  montre  un  spectre  obtenu 
dans  la  section  du  culot,  c  10  mm  de  I'axe  de  symetrie.  On  observe  une  rate  basse  frequence  ( 1  -  0.6  Hz) 
cor.cspondant  au  f ondr.mental  du  detachement  tourbillonnaire .  Son  amplitude  decrolt  lorsqu'on  s'eloigne  du 
culot.  On  retrouve  dans  le  spectre,  au  dela  du  fondamental,  1' influence  de  la  grille  autour  de  12  Hz  qui 
reste  la  meme  dans  toute  section. 

La  vitesse  de  l'ecoulement  decomposee  sous  la  forme  u  *  "IT  +  u  +  u'  avec  ”  vitesse  moyenne, 

'u'  vitesse  moyenne  coherente,  u'  fluctuation,  peut  etre  observee  ur  les  spectres  de  sillage  et  hors 
siliage.  La  figure  18  montre  la  comparaison  avec  et  sans  grille  faisant  apparattre  le  remplissage  du 
spectre  et  1' emergence  de  la  raie  fondamentale . 

Le  tableau  ci-dessous  resume  l1 influence  de  la  maille  sur  1' amplitude  du  fondamental 


Sans  grille 

G3  !  G2 

G1  ! 

u  ’ 

(mm/S) 

0.425 

0.380  :  0.35 

0.17  i 

On  remarquera  que  malgre  la  faible  Influence  de  la  grille  sur  la  qualite  des  visualisations  que 
l'on  peut  effectuer,  la  presence  de  la  grille  modifie  les  menanismes  fins  de  l'ecoulement  dans  la  zone  de 
melange  et  qu'il  s'avere  necessaire  de  completer  le  depouilleraent  macroscopique  par  une  analyse  au  film 
chaud  pour  explorer  l’ecoulement. 

VII  -  CONCLUSION 

Cette  etude  a  montre  la  possibility  d'analyser,  par  techniques  video  banalisees,  la  structure 
instantanee  d'un  ecoulement  instationnai re  lent.  L’ecoulement  analyse  ici  ,  une  couche  de  melange  bidiraen- 
sionnelle ,  a  pu  etre  observe  par  les  techniques  de  visualisation  classiques  et  le  depouillement  des  evo¬ 
lutions  de  forme  a  permis  une  bonne  comparaison  avec  les  techniques  classiques  par  anemometrie  et  a  con¬ 
duit  a  une  modelisation  simple  des  instabilites  de  cisaillement .  Ces  etudes  effectuees  en  tcjulement 
laminaires  bidimensionnelles  sont  actuellement  etendues  aux  cas  turbulents  et  tridimensionnels . 
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Fig.  8  Exemples  de  trajectoires 
(Regime  a  une  nappe) . 


Fig.  9  Exemples  de  trajectoires 
(Regime  a  deux  nappes) . 
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tig.  10  Calcui  du  rotationnel. 
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Fig.  12  Acquisition  des  interfaces. 
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THREE-DIMENSIONAL  FI.OW  VISUALIZATION  USING  LASER-SHEET  SCANNING 
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It  has  been  demonstrated  that  the  conventional  tech¬ 
nique  of  fixed-laser-sheet  flow  visualization  can  be  ex¬ 
tended  to  include  three-dimensional  visualization  by  means 
of  a  scanning  laser  sheet.  This  system  was  implemented 
using  a  rotating  mirror  in  conjunction  with  appropriate 
fixed  optics.  A  space-filling  t  hre»e-d  i  mensi  on.i  1  data  base 
was  digitally  obtained  from  the  imaging  and  recording 
units,  and  was  processed  to  yield  a  variety  of  three- 
dimensional  views  of  the  flow  field  in  addition  to  obtaining 
quantitative  results  regarding  mixing  levels  and  velocities. 
Laser-sheet  scanning  was  first  applied  in  a  study  of  boundary- 
layer  turbulence  in  which  active  control  was  implemented. 

The  flow  visualization  readily  indicated  the  near-wali  insta¬ 
bilities  present  in  turbulent  spots  and  synthetic  turbulent 
boundary- layers .  When  control  was  attempted  using  an  array 
of  surface  heatinq  elements,  the  visualization  technique 
graphically  illustrated  the  attenuation  of  the  near-wall  sub¬ 
layer  "streak. "  and  resultant  quiescent  outer  flow. 


INTRODUCTION 

Flow  visualization  has  historically  provided  a  great  deal  of  vital  information  con¬ 
cerning  the  complex  flows  associated  with  turbulence.  Passive  dye,  injected  at  the  plate 
wall,  provides  for  a  reasonable  picture  of  the  overall  flow  field.  Due  to  limits  i::  the 
perceptual  abilities  of  the  observer,  it  is  nearly  impossible  to  obtain  an\  inf  i, 

concerning  internal  structures  using  this  method.  Conventional  1  asor- i  nc.uced  f lu'-rcsce:.co 
of  a  dye  injected  into  the  water  flow  provides  for  an  intricate  nonsteidy  visualize  i  ;:\ 
of  a  fixed  cross-section  of  the  flow.  What  is  lacking,  however,  is  a  representation  f 
the  flow  normal  to  the  sheet,  an  essential  ingredient  if  the  topology  is  to  be  mapped 
and  understood.  Ideally,  one  would  Iino  to  observe  a  continuous  representation  of  the 
th tee-dimensional  flow  field.  This  would  provide  valuable  qualitative  and  quant  it Jt  i'-o 
information  whicn  would  allow  the  researcher  to  map  nut  the  entire  flow  field. 

The  technique  of  laser- induced  fluorescence  is  attractive  m  that  it  is  capable  -r 
resolving  very  small  scales  normal  to  the  sheet,  as  well  as  within  the  sheet  based  on  the 
limitations  of  the  imaging  optics),  and  has  the  essential  feature  ,f  be  in::  capable  of  ven¬ 
erating  three-dimensional  space-  f  i  1 1  inn  data  sets.  This  is  due  a;  the  characteristic 
the  laser  probing  the  field  in  a  localized  manner,  without  influencing  adjacent  re:  ions. 

By  taking  a  series  of  "cuts'’  through  the  field,  a  complete  image  nay  be  reconst  ructed . 

This  is  in  contrast  to  using  passive  dyes  and  imaging  the  flow  field  stereoscop lcuI I y , 
observing  only  surfaces.  It  is  essential  that  the  internal  nature  of  complex  fl  w  events 
fe.g.  turbulent  structures)  be  diagnosed  if  an  adequate  undorst and  mg  is  to  be  realized. 

The  role  that  vorticitv  plays  is  complex,  and  n-nerally  undoe:; hoi iblo  when  conventional 
flow  visualization  techniques  no  involved.  Ravin;  i  complete  spue*  *- f  i  1 1  i  nu  i  inso 
would  permit  detailed  observation  of  the  inter  ict ion  o\d  ov  iut,  r  r  a  l  sc rot i  •  at  ices, 
as  well  as  distributed  vorticitv  m  t ho  f 1  •  w .  Thus,  it  was  gee  idea  to  extend  the  technique 
of  laser-induced  fluorescence  to  include  rapidly  n  vi:.:  shoots,  syn-  .ror.izod  with,  i a i  r.  • : 
and  recording  optics. 


SCANNING  LASER  SHEET  FLOW  VISUALIZATION 

Scanning  laser-sheet  flew  visual  i  z  it  i  n  was  u:  :\:  ;  i  sited  by  rapidly  traversing  a  laser 
sheet  through  the  flow  field  in  a  period  small  comj  it  •  •  :  t  the  tine  sea  Los  of  interest  in 
the  flow.  The  resultant  data  consisted  of  .»  soius  •  »:  *  w.  -  3 1  mens  iona  1  sheets  which  repre¬ 
sented  a  space-filling  three-dimensional  volume.  Th«*  process  is  roughly  analogous  to  \  very 
high-speed  CT  scan,  where  a  series  ot  tomographs  is  =  btamod.  The  net  effect  is  to  roco rd 
the  entire  laser-dye  field  each  time  the  sheet  is  traversed  through  the  flow.  The  resultant; 
images  provide  a  qualitative  picture  of  the  flow,  well  as  quantitative  information  con¬ 
cerning  the  degree  of  turbulent  mixing  which  has  occ  . rod.  The  setup1,  shown  in  Figure  1, 
provides  for  a  complete  three-dimensional  visual  izai  i.>r>  of  the  bound-.uy  layer  flow  field. 

This  technique  has  proven  effective  in  providing  a  three-dimensional  picture  of  the 
interactions  between  high  and  low  speed  fluid  in  turbulent  flows.  Disodium  fluorescein  dve 
was  injected  into  the  flow  usinq  a  slot  which  was  flush  with  the  flat  plate.  Since  the  dye 
is  injected  at  the  wall,  it  "tags"  the  low  speed  fluid.  During  the  bursting  process  this 
low  speed,  high  vorticity  fluid  moves  away  from  the  wall  and  mixes  with  the  outer  flow. 

This  process,  which  produces  a  large  portion  of  the  turbulent  energy,  can  be  examined  using 
the  laser  sheet  scanning  technique. 


There  are  several  critical  parameters  which  must  be  defined  and  specified  before  an 
appropriate  system  can  be  designed.  The  spatial  resolution  normal  to  the  laser  sheet  can 
be  determined  knowing  the  scales  present  in  the  flow.  The  global  extent  of  the  imaging 
volume  and  the  period  of  the  scan  may  easily  be  specified,  knowing  the  spatial  extent  of 
the  flow  field  and  the  temporal  scales  present  in  the  flow.  Secondary  parameters  involve 
the  planform  imaging  area  and  laser  energy  density  within  the  area. 

The  desired  global  extent  (height)  of  the  imaging  volume  divided  by  the  spatial  reso¬ 
lution  yields  a  rough  indication  of  the  required  number  of  laser  sheets  needed  to  recon¬ 
struct  the  field.  For  example,  in  one  of  the  present  experiments,  it  was  desired  to  image 
a  2.0  cm  portion  of  the  boundary  layer  with  approximately  1.0  mm  resolution  in  the  z  di¬ 
rection.  A  minimum  of  20  sheets  was  required  to  fill  the  volume,  but  32  sheets  were  used 
(being  a  convenient  power  of  2  for  the  controlling  electronics  to  deal  with).  The  inter¬ 
sheet  normal  separation  is  then  0.62  mm,  setting  a  rough  maximum  on  the  laser  sheet  thick¬ 
ness  . 

The  period  of  a  scan  must  be  less  than  that  associated  with  1/2  of  the  period  of  the 
highest  frequencies  present  in  the  flow.  This  is  to  reduce  bias  between  the  upper  and 
lower  portions  of  the  scan  and  3lso  to  ensure  that  repetative  scans  accurately  capture  the 
nonsteady  nature  of  the  flow.  If  the  highest  frequency  is  20  Hz,  then  a  scan  must  be  com¬ 
pleted  in  25  ms.  Given  the  previous  example  this  requires  that  1300  sheets  be  generated 
each  second  (neglecting  the  time  taken  to  reposition  the  starting  sheet  after  each  scan). 

In  our  experiments,  we  used  a  system  capable  of  2000  steps/sec,  but  were  limited  by  cur 
imaging  video  recorder  to  30  steps/sec. 

The  laser  sheet  was  produced  by  appropriately  expanding  and  focussing  an  Argon-ion 
laser  beam  (501  nm)  with  a  series  of  vertically  and  horizontally  oriented  cylindrical 
lenses  as  shown  in  Figure  2.  A  rotating  mirror  was  placed  in  the  optical  path  to  deflect 
the  defocussed  beam  in  the  +/-  y  direction.  The  optics  ensured  that  a  thin  sheet  was 
formed  which,  when  deflected,  remained  parallel  to  itself  over  a  height  of  up  to  10  cm. 

The  mirror  was  mounted  on  a  low-inertia  stage  which  was  rapidly  rotated  in  discrete 
amounts  by  a  stepper  motor.  Electronics  were  designed  and  fabricated  to  permit  2‘\.0<N<8i 
sheets  to  be  scanned  in  succession  at  arbitrary  heights  over  the  plate  (with  the  net  scan 
range  limited  to  10  cm).  A  45°  front  surface  mirror  was  mounted  on  a  traverse  spanning  the 
water  channel.  This  allowed  a  video  camera,  positioned  beside  the  channel,  to  record  the 
images  and  a  step/frame  counter  (Figure  3).  The  vertical  synchronization  pulse  from  the 
videotape  machine  was  used  to  drive  the  stepper  motor  which  resulted  in  a  single  step  of  the 
laser  sheet  for  each  frame  recorded.  This  greatly  aided  in  the  processing  of  the  recorded 
images,  but  limited  the  scanning  rate  to  30  steps/sec.  A  block  diagram  of  the  stepper  motor- 
control  electronics  is  shown  in  Figure  4.  The  images  were  then  digitized  off-line  using  a 
video  frame  grabber,  and  stored  on  disk. 

Several  representative  sheets  from  a  single  rapid  scan  of  the  laser  sheet  through  a 
turbulent  spot  may  be  seen  in  Figure  5.  These  digitized  images  may  be  processed  in  multiple 
ways  to  yield  both  qualitative  and  quantitative  insights  into  the  nature  of  the  flow.  For 
example,  the  degree  of  mixing  (most  of  which  is  attributable  to  turbulence)  can  be  deter¬ 
mined  by  distinguishing  between  gray-levels  (thus  dye  concentration)  in  a  sincjlc  sheet. 

Also,  movies  can  be  made  which  show  time  evolutions  at  one  or  more  discrete  sheet  locations 
in  the  flow  (revealing  the  movement  of  the  cross-sect ion ( s )  of  the  structures).  For  complete 
spatial  and  temporal  diagnosis,  three-dimensional  image-process ing  routines  can  be  applied 
to  the  data  obtained  from  high-speed  scan(s)  through  the  flow  (digitally  reconstructing  the 
three-dimensional  image  <r:>r;  ,*r  >.  .•  Several  views  from  a  single  scan,  created 

using  this  reconstruction  technique,  can  be  seen  in  Figure  6.  The  images  were  processed  from 
■i  32-sheet  scan  (several  sheets  of  which  are  shown  in  Figure  5).  This  technique  permits,  for 
the  first  time,  4  *:**<■.■- ».v  ‘  »:  i  *  ;  •  i  '  ;  ■»:  :  :■»:»;  f  flow  visualization  of 

complex  flows. 


APPLICATION  OF  FLOW  VISUALIZATION  TECHNIQUE 

The  laminar-turbulent  transition  process  and  the  mechanisms  involved  in  turbulence 
energy  production  have  been  the  focus  of  much  work,  due  to  the  role  these  factors  play  in 
issues  concerning  viscous  drag.  Several  methods  of  controlling  boundary  layer  flows  have 
emerged  which  make  significant  drag  reductions  possible.  Flow  control  has  also  proven  to 

be  a  useful  tool  for  gaining  insight  into  the  dynamic  processes  involved  in  transition  and 
fully  turbulent  flows.  A  variety  of  views  exists  regarding  the  organized  structure  in  tur¬ 
bulent  boundary  layers.  Existing  theories  seem  to  agree  on  several  points,  however.  Flow 
in  the  viscous  sublayer  seems  to  separate  itself  into  high  and  low  speed  regions  called 
"streaks".®  This  longitudinal  low-speed  area  is  traditionally  called  a  streak  because  dye 
injected  at  the  wall  accumulates  in  this  region.  It  is  generally  agreed  that  the  average 
spanwise  spacing  between  these  streaks  is  z+  =  90  to  100  wall  units.  The  liftup,  sudden 
oscillation,  and  breakup  of  these  streaks  is  referred  to  as  "bursting".  Experimental 
evidence^  has  shown  that  most  of  the  production  of  turbulent  energy  near  the  wall  occurs 
during  the  bursting  process. 

Some  preliminary  work  has  been  done2  which  indicates  that,  localized,  active,  feedback 
control  may  be  used  to  cancel  the  naturally  occurring,  three-dimensional  disturbances  which 
lead  to  bursting  in  turbulent  flows.  Since  these  bursts  appear  to  be  the  source  of  a  large 
percentage  of  the  energy  produced  in  tuibulent  flows,  control  of  this  process  seems  to  be 
the  most  logical  and  efficient  flow  control  alternative. 
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The  experiments  presented  herein  involve  active  control  of  three-dimensional  distur¬ 
bances  which  lead  to  turbulence  in  boundary  layer  flows.  The  research  was  conducted  on  a 
flat-plate  model  in  the  Moody  Water  Channel  at  Princeton  University.  The  relatively  low 
maximum  free-stream  velocity  of  9.6  cm/sec,  and  the  large  size  of  the  facility,  combined 
to  create  a  flow  with  long  temporal  and  large  spatial  scales.  The  overall  experimental 
layout  is  shown  in  Figure  7.  An  array  of  streamwise  heating  elements  was  used  to  intro¬ 
duce  disturbances  into  the  flow  and,  as  active  control  actuators,  to  cancel  these  distur¬ 
bances.  Heating  strips  were  selected  as  actuators  due  to  the  solid  state  nature,  ease  of 
control,  and  efficiency  of  these  devices  in  introducing  small  disturbances.  The  heating 
strips,  when  activated,  increased  the  velocity  of  the  fluid  above  them,  which  decreased  the 
velocity  of  the  flow  between  the  heaters.  A  typical  arrangement  of  heaters  is  shown  in 
Figure  8.  In  the  active  control  experiments,  the  front  row  of  heaters  was  used  to  introduce 
a  disturbance  and  the  back  row  was  activated  spatially  and  temporally  out  of  phase  to  cancel 
the  disturbance.  The  dimensions,  lateral  spacing,  and  activation  times  of  the  heating 
strips  were  scaled  with  the  flow  parameters  to  produce  high  and  low  speed  regions  similar 
to  those  found  in  naturally  occurring  turbulent  flow. 

The  disturbances  and  the  resulting  flow  field  were  studied  using  a  variety  of  tech¬ 
niques.  Constant  temperature  anemometry  and  thermocouples  were  used  to  measure  the  temper¬ 
ature  and  velocity  in  the  vicinity  of  the  heaters  as  well  as  at  several  points  downstream 
of  the  heater  array.  The  laser  sheet  flow  visualization  technique,  described  in  this  re¬ 
port,  was  used  to  investigate  the  resulting  flow  field  more  closely.  The  data  collected 
using  this  technique  was  processed  in  many  ways  to  study  the  three-dimensiona 1  nature  of 
the  flow.  These  images  made  observations  of  the  bursting  process  and  the  interactions 
between  the  input  and  control  disturbances  possible. 

It  was  essential  to  characterize  the  response  of  the  heaters  in  order  to  evaluate  their 
performance  as  actuators  for  control.  Thus,  a  complete  study  was  made  of  the  temperature 
and  velocity  fields  present  in  the  flow  surrounding  a  single  longitudinal  heating  element. 
This  was  followed  by  a  survey  of  the  flow  field  downstream  of  the  heaters  following  the 
pulsing  of  a  single  row  of  heating  elements.  The  experiments  were  repeated  using  the  front, 
and  back  rows  of  heaters  individually.  The  power  and  pulse  duration  of  each  row  of  heaters 
were  adjusted  to  produce  a  significant  velocity  disturbance,  without  introducing  buoyant 
instabilities.  These  results  were  then  applied  to  the  use  of  heater  arrays  as  actuators  ir. 
a  control  scheme  to  cancel  three-dimensional  disturbances  in  the  flew,  thus  delaying  the 
onset  of  turbulence. 

Heating  at  the  wall  introduces  a  temperature  gradient  into  the  flow  which  acts  to 
local Ly  increase  the  velocity  of  the  fluid  in  the  near  wall  region.  A  comprehensive  study 
was  conducted  of  the  velocity  field  along  the  centerline  of  the  heaters  in  order  to  better 
understand  the  temperature- veloci ty  interaction.  The  velocity  field  above  a  heating  strip 
may  be  found  using  temperature  measurements  from  a  thermocouple  and  the  output  from,  a  hot- 
film  probe  located  at  the  same  point.  The  effect  of  temperature  on  the  velocity  signal  can 
be  removed  by  manipulating  the  hot-film  calibration  equations  and  making  use  of  the  measure l 
temperature.  Figure  9  shows  the  temperature  and  compensated  velocity  traces  »t  vor '  1 
locations  downstream  of  a  heating  element.  The  maximum  overheats,  measured  near  the*  wall 
on  the  centerline  of  the  heating  element,  were  from  2  -  3°C.  The  ci  i  ss  i  pa  L  i._n  th<*  tem¬ 
perature  disturbance  and  emergence  of  a  velocity  disturbance  can  be  seer:  clearly. 

In  order  to  create  the  low-speed  streaks  (shown  to  be  a  major  facto*  in  lui  buieme 
production)  several  longitudinal  heating  elements  were  activated  -»t  the  s,me  time.  Inde¬ 
pendent  disturbances  were  created,  using  first  two  heaters  in  the  front  row  of  the  army, 
followed  bv  similar  disturbances  created  using  three  heaters  in  the  back  row.  The  late:  il 
spacing  between  the  centerlines  of  the  heaters  in  a  aiven  row  was  approximately  =  9-1 
will  units.  This  spatial  configuration  was  chosen  due  to  its  similarity  to  the  sjucir.:  f 
streaks  occurring  in  naturally  turbulent  boundary  layer  flows.  The  hot-film.  pr  be  was  no  i 
to  study  the  velocity  field  0.6  m  downstream  of  the  heaters  for  the  cases  with  and  withut 
control.  A  Lateral  traverse  was  made  of  the  central  region  of  the  flow,  at  a  height  f 
y*  ~  15,  for  each  con  f  igurat  ion  of  the  heater  array.  When  no  con  t  rol  was  >t  ;  lied.,  h  *.  bi- 
speed  regions  could  be  seen  downstream  of  the  heated  areas  while,  due  to  continuity,  i  v 
speed  streaks  were  evident  between  them.  When  control  was  applied,  small  velocity  fluc¬ 
tuations  could  be  seen,  but  the  magnitude  was  greatly  diminished.  Surface  plots  the 
resulting  velocity  fields  are  shown  in  Figure  10.  The  mean  velocity  at  this  point  ir.  the 
flow  (y+  -  15)  was  3.0  cm/sec.  The  maximum  deviation  from  this  mean  was  reduced  from  1  .  r. 
cm/sec  to  0.4  cm/sec  when  control  was  applied. 

The  turbulent  spots  which  ton1,  as  i  result  of  open- loop  pulsing  of  the  heaters  we :  c 
studied  using  measurements  taken  at  an  observation  point.  2  n  downs t  ream  o:  the  heater  ai ray . 
The  effectiveness  of  the  control  scheme  was  tested  by  making  these  same  measurements  when, 
the  control  heaters  were  activated.  Hot-film  measurements,  used  to  determine  the  increase 
in  drag,  were  taken  on  trie  centerline  at  a  v +  -  15  and,  in  order  to  gain  an  insiuht  int. 
the  structures  present  in  the  flow,  pictures  were  taken  of  the  flow  using  the  sce.nninc  laser 
sheet  technique.  The  heater  pulses,  and  resulting  average  velocity  trace  corresponding  t . 
the  pulsing  of  each  row  of  heaters  individually  anti  both  raws  when  control  was  applied  cm 
be  seen  in  Figure  11.  The  velocity  traces  are  ensemble  averages  of  15  runs  nude  for  ouch 
case.  The  drag  increases  60?  over  the  und '  turbed  case  when  us i na  the  front  heaters  and 
40*  when  using  the  rea;  heaters.  The  voloc  :y  and  drag  decrease  below  the  nominal  r.<- 
houtj  value  when  active  centre  1  is  applied .  The  laser-sheet  scanning  technique  describee 
in  the  previous  section  was  used  to  examine  the  physic  *1  nature  of  the  flow  at  this  local  i 
Pictures  depicting  the  f Low  at  two  different  heights  for  each  of  the  ab  vc  mentioned  cases 
can  be  seen  in  Fiqure  12.  The  interactions  between  hiuh  and  low  speed  reuions  which  are 
character ist ics  of  turbulent  flow  can  be  seen  in  Figaros  12  a  and  12b.  Figure  1 2e ,  winch 
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represents  the  flow  when  control  is  applied,  reveals  a  flow  which  is  indeed  laminar  at  the 
2.0  m  observation  point. 

Longitudinal  surface  heating  has  been  demonstrated  to  introduce  controlled,  three- 
dimensional,  velocity  disturbances  into  laminar  boundary  layer  flows.  When  the  spar.wise 
heater  spacing  is  approximately  90  wall  units,  these  velocity  disturbances  are  observed  to 
be  similar  to  the  low-speed  streaks  seen  in  naturally  occurring  turbulent  flows.  In  addition 
to  inducing  velocity  disturbances,  the  heating  elements  have  proven  effective  as  control 
actuators  to  attenuate  these  disturbances.  Control  was  applied  by  introducing  a  perturbation 
which  was  temporally  and  spatially  out  of  phase  with  the  initial  disturbance.  Low-speed 
streaks  were  weakened  significantly  using  this  technique.  The  growth  of  inflectional  insta¬ 
bilities  was  delayed,  which  reduced  the  incidence  of  bursting  in  the  flow,  thus  lowering  the 
drag.  The  combination  of  hot-wire  probes,  thermocouples,  and  the  suf f isticated  flow  visual¬ 
ization  technique  described  in  this  paper  provided  a  complete  data  set  to  study  these  flows. 


CONCLUSIONS 

It  has  been  demonstrated  that  the  conventional  technique  of  fixed- laser-sheet  flow 
visualization  can  be  extended  to  include  three-dimensional  visualization  by  means  of  a 
scanning  laser  sheet.  This  system  was  implemented  using  a  rotating  mirror  in  conjunction 
with  appropriate  fixed  optics.  Various  alternative  schemes  based  on  linear  mirror  dis¬ 
placements,  optical  shutters,  and  several  other  mechanical  and  electro-optic  techniques 
were  considered,  but  were  found  not  to  satisfy  the  basic  criteria  of  a  viable  three-dimen¬ 
sional  flow  visualization  scheme.  Such  criteria  include: 


(1)  accuracy  of  temporal  and  spacial  imaging 

(2)  capability  of  dealing  with  highly  complex,  nonsteady  flows 

{3)  is  robust  in  operation 

(4)  adaptable  to  imaging  a  wide  variety  of  flow  fields. 

The  approach  taken  to  meet  these  needs  used  four  cylindrical  lenses  and  a  single  rotating 
mirror  controlled  by  a  custom  stepper  motor  controller.  The  controller  was  synchronized 
to  a  video  system  to  permit  each  discrete  sheet  to  be  imaged  and  stored  on  a  single  field 
of  videotape.  It  was  found  that  this  syrtem  was  very  easy  to  align  and  implement.  The 
resulting  three-dimensional  space-filling  data  base  was  digitized  and  readily  manipulated 
for  graphical  display  and  preliminary  quantitative  analysis  (e.g.  velocity  and  vorticity 
field  generation  using  t ime-of-f 1 ight  techniques  and  spectral  anal'  sis  of  dye  species  con¬ 
centration  for  diffusion  and  mixing  studies) . 


The  technique  was  first  applied  to  image  turbulent  spots  occurring  on  a  flat  plate. 
The  unexpectedly  high  incidence  of  high  and  low  speed  streaks  which  were  clearly  evident 
in  the  flow  prompted  us  to  implement  an  array  of  surface  heaters  biased  towards  perturbing 
the  flow  ir.  the  s  trcamv:*  cc  direction.  This  array  of  auildce  heateis  used  to  control 

the  flow,  delaying  *-he  onset  of  turbulence,  and  reducing  the  incidence  of  bursting.  The 
three-dimensional  imaging  technique  was  used  to  validate  the  control  scheme. 
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FIGURE  4:  Block  Diagram  of 
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FIGURE  7:  Experimental  Layout 


o 


Induced 

Spenwise 

Fluctuations 


Healing  Element 


Attenueti 

Out-Of-Phese  Spenwi 

Conlrot  Input  Fluctue 


hi-velocity 


LO-VELOCITY 


)  HI-VELOCITY 


LO-VELOCITY 


')  HI-VELOCITY 


U 


U 


Spenwise  Velocity  Distributions  in  Near-Well 


FIGURE  8:  Proposed  Control  Scheme  -  Configuration  of  lieatinu  LI 


ix-m 


* 

► 


ft?/’  /e.r1  i 

a)  Probe  at  Trailing  Edge  of 
Heater  (x  =  0.0  cm) 


1 


a] - - - —if 

o  oc  i  o  or  ?r  o?  10  or 

T.t/f ;  («.•' 


'or 


c)  Distance  Behind  Heater 
(x  =  7.0  cm) 


HGURK  9: 


Evolution  of  Temperature  and  Vt 


r5 


b)  Distance  Behind  Heater 
(x  -  4.0  cm) 


'  c-  or  ?o  cc  yc  oo 

’  Mf  (sec. } 


d)  Distance  Behind  Heater 
(x  =  10  0  cm) 


•  1  oc )  t y  Lust  j rba n c>'S 


TEMPrRAT'jRr  AROVE  AWn,rNT  rr)  -C  vnrf-'^-'i  tcjr  AHPVF  AMRir'NT 


{  Field 


AVERAGE  VELOCITY  (cm/sec) 


a)  From  Healers 


•’>  Back  Healers 


APPLICATION  OF  HIGH  SPEED  HOLOGRAPHY  TO  ABRODYNAMIC 
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An  application  of  holography  to  the  leaBureaent  of  fluid  velocity  in 
3-D  domains  is  proposed.  After  a  short  description  of  the  aethod, 
an  exaaple  of  application  to  the  water  flow  around  a  circular 
cylinder  at  low  Reynolds  nuaber  is  presented.  Then,  the  aain 
limitations  of  the  aethod  are  discussed  and  solutions  are  proposed 
to  overcome  them. 


1/  INTRODUCTION 

In  1948,  D.  GABOR  proposed  a  new  aethod  for  the  formation  of  images  in  two  steps 
without  lenses,  which  he  called  wave  front  reconstruction  /!/.  This  invention, 
later  called  holography,  is  mostly  known,  nowadays,  for  its  ability  to  produce  three 
dimensional  images  of  objects,  that  is,  to  reconstruct  wave  fronts  in  amplitude  and 
phase.  At  the  end  of  the  sixties,  the  appearance  of  lasers  as  coherent  light  sources, 
has  led  to  a  large  developaent  of  the  technique  and  its  applications.  Let  us 
mention  for  example  interferometry  which  is  now  widely  used  for  flow  investigation. 

An  other  field  of  applications  which  is  closer  to  Gabor’s  original  purpose,  is  the 
use  cf  nicro-holography  for  particles  measurements.  A  complete  state  of  the  art  on 
this  topic  is  proposed  by  B.J.  THOMPSON  /2/.  The  work  to  be  presented  here  deals  with 
the  application  of  holography  to  the  velocity  measurement  in  fluid  flows.  First  we 
present  a  description  of  the  method,  then  an  example  of  application  is  given,  and 
finally  the  main  drawbacks  are  detailed  and  solutions  proposed  to  overcome  them. 

2/  DESCRIPTION  OF  THE  METHOD.. 

Figure  la  presents  a  sketch  of  tfc-;  experimental  set-up.  The  output  beam  of  a 
pulsed  ruby  laser  is  passed  through  a  diverging  lens  before  crossing  the  seeded  flow  to 
finally  illuminate  an  holographic  plate.  The  laser  can  produce  from  1  to  4  pulses  of 
25  mJ  each,  with  time  intervals  varying  from  5  ub  to  10  s.  Thus  1  to  4 
holograms  can  be  recorded  on  the  same  plate.  After  processing,  the  hologram  is  mounted 
on  a  reconstruction  set-up  (fig.  lb).  An  Helium-Neon  continuous  laser  is  used  to 
reproduce  the  reference  beam.  A  motorized  table  allows  the  motion  of  the  hologram  in 
the  three  coordinates  directions  with  a  step  of  1  ua.  A  magnifying  optic  and  a 
video  camera  are  used  to  observe  the  real  reconstructed  image.  Thus,  the  size  and 
successive  positions  of  each  particle  present  in  the  field  can  be  measured  and  the 
knowledge  of  the  time  intervpls  gives  the  velocity  of  the  particle.  Let  R  and  R’  be  the 
distance  from  the  laser  to  the  hologram  respectively  in  the  object  and  image  space  and 
•\  and  the  wavelengths  of  the  lasers.  The  origin  being  on  the  hologram,  the 
coordinates  x,y  and  z  of  a  particle  in  the  object  space  and  the  coordinates 
x',y’,z’  of  the  real  image  are  linked  by  the  following  relations: 


1  i_  A 

z  =  R  V 


The  quality  of  the  image  obtained  depends  on  the  diffraction  of  the  system,  on  the 
geometric  aberrations  introduced  by  the  hologram  and  on  the  resolution  of  the  video 
camera.  A  typical  case,  representative  of  our  experimental  set-up  is  that  of  a  20  um 
particle  located  at  20  cm  from  the  hologram.  In  this  case,  the  accuracy  on  length 
measurements  using  the  formula  given  above  is  about  ♦  2.5  urn  in  the  plane  normal  to  the 


19-2 


beam  axis.  This  has  been  verified  exper imentaly ,  using  sicrosetric  length  scales.  It 
corresponds  to  a  precision  better  than  1*  on  the  leasureient  of  this  velocity  component. 
For  the  component  parallel  to  the  beai  axis,  the  accuracy  1b  about  10  tiaes  worst, 
due  to  the  focusing  uncertainty.  Thus,  with  this  aethod,  it  is  possible  to  get 
the  size  and  velocity  of  all  particles  present  in  the  3D  doaain  recorded  on  the 
holograa.  If  the  particles  have  the  saae  velocity  as  the  fluid,  3D  instantaneous 
velocity  charts  of  the  flow  can  be  obtained. 

3/  O AMP LB  OF  APPLICATION^ 

Figure  2  presents  the  experiaental  set-up  for  an  application  in  water.  The  aia  of 
the  experiaent  is  to  get  instantaneous  velocity  charts  of  the  flow  around  a 
cylinder  at  low  Reynolds  nuaber  in  order  to  compare  then  with  computations  using 
direct  Nav ier-Stokea  solvers  /3/.  The  experiment  is  built  in  a  vertical  water 
tunnel.  The  test  section  is  140x140  aa2  and  has  a  length  of  1  a.  The  free  stream 
velocity  can  be  varied  from  2  to  7  ca/s.  The  aodel  is  a  circular  cylinder  of  10  ■■  in 
diameter  and  240  n  in  length.  It  passes  through  two  glass  windows  which  allow  velocity 
aeasureaents  15  diameters  upstream  and  25  diameters  downstream.  The  Reynolds  number 
based  on  the  diameter  can  be  varied  from  160  to  600.  The  flow  is  seeded  with  non 
expanded  polystyrene  particles  of  density  1.02  and  diameter  10  to  80  «m.  Figure  3 
presents  a  photograph  of  the  monitor  screen  in  the  case  of  a  3  exposures  hologram, 
figures  4  and  5  show  two  velocity  charts  obtained  for  Re  =  210  and  500.  They  are 
the  projection  on  a  plane  normal  to  the  cylinder’s  axis  of  the  velocities  measured  in  a 
slice  of  4  cm  in  span,  located  in  the  middle  of  the  test  section.  One  can  clearly  see 
the  oscillation  of  the  wake  of  the  cylinder.  Comparisons  with  LDV  measurements  done  on 
the  same  experiment  give  an  agreement  better  than  3X  on  the  velocity  upstream  of  the 
cy 1 inder . 

4/  ACTUAL  LIMITATIONS  AND  POSSIBLE  DB VBLOPMENTS^ 

As  any  measurement  technique,  multiple  exposure  holography  presents  some 
limitations  which  have  to  be  studied  and  overcome  when  possible.  We  shall  point  out 
three  of  them,  which  are  the  most  critical  for  the  type  of  applications  we  have  in 
mind:  optical  limitations,  particles  behaviour  and  data  analysis. 

4-1  Optical  limitations. 

As  can  be  seen  from  figure  1,  in  a  Gabor  hologram  the  reference  beam  passes  through 
the  object.  Thus,  this  object  has  to  be  transparent  enough  to  disturb  only 
slightly  the  reference.  This  is  not  the  case  when  the  seeding  is  too  dense  or  whei 
gradients  of  the  refraction  index  exist.  Furthermore,  the  object  beam  is  part  of  the 
reference  light  diffracted  by  each  particle,  so  that,  when  the  size  of  the  particle 
diminishes,  the  diffracted  intensity  vanishes  and,  for  particles  smaller  than  10  //m,  no 
image  can  be  obtained  by  this  method. 

One  solution  to  obtain  an  hologram  when  the  reference  beam  is  perturbed  or  when  the 
particles  are  too  small,  is  to  split  the  reference  and  object  beams.  This  permits  to 
make  the  reference  beam  pass  outside  of  the  flow  if  it  is  not  transparent  enough.  It 
also  permits  to  adjust  the  intensity  ratio  between  the  two  beams,  sothat  amallei 
particles  can  be  detected.  In  fact,  in  aerodynamic,  the  first  case  is  included  in  the 
second  one  for,  if  gradients  of  refractive  index  exist  in  the  flow,  they  are  usually  due 
to  compressibility,  which  means  high  velocity  gradients.  This  implies  that  very  small 
particles  must  be  used  if  they  are  supposed  to  follow  the  flow  (see  4-2). 

H. ROYER  /4/  has  proposed  different  solutions  to  apply  the  separated  reference  method.  He 
showed  that  an  intensity  ratio  of  104  to  106  is  necessary  to  detect  submicron  particles. 
This  ratio  depends  on  the  geometry  of  the  set-up  and  on  the  size  and  nature  of  the 
particles.  This  implies  anyway  an  important  reduction  of  the  spatial  size  of  the  useable 
domain.  In  practice,  with  the  energy  currently  delivered  by  pulsed  ruby  lasers,  it  has 
to  be  reduced  to  a  slice  of  a  few  centimeters  height  and  a  few  tenth  of  a  millimeter 
thickness . 

Figure  6  presents  different  experimental  setup  that  can  be  used  in  aerodynamic  studies. 
The  main  difficulty  in  choosing  a  set-up  is  to  minimize  the  geometric  optical 
aberrations  introduced  by  the  hologram.  This  can  be  done  by  using  a  set-up  derived  from 
GABOR  original  one.  This  is  the  case  of  the  set-up  proposed  on  figure  6  a,  b  and  c.  The 
first  is  the  simplest  one  which  permits  to  detect  particles  smaller  than  the  diffraction 
limit,  but  it  implies  a  transparent  object.  Set-up  6b  is  designed  to  be  used  in  the  case 
of  a  flow  with  refraction  index  gradients  but,  due  to  the  fact  that  the  reference  and 
object  beams  come  on  both  aides  of  the  hologram,  films  with  more  resolution  and  less 
sensitivity  must  be  employed  and  thus,  the  useable  fieH  is  reduced.  The  last  setup 
makes  also  the  reference  beam  pass  outside  the  object  but  it  implies  the  use  of  a 
splitting  plate  of  the  size  of  the  hologram  and  it  increases  the  distance  between  the 
hologram  and  tne  object.  In  the  case  where  none  of  these  pseudo  in-line  set-up  can  be 
used,  an  off-line  hologram  must  be  reali-ed.  The  set-up  6d  has  been  shown  by  ROYER  / S / 
to  minimize  the  geometrical  aberrai  ions  which  can  become  very  important  in  other  cases. 
A  calculation  in  the  case  studied  in  2/  gives  a  precision  of  the  same  order.  The  main 
source  of  error  is  the  astigmatism  which  in  this  case  is  of  the  order  of  3  «m. 

As  an  example,  figure  7  presents  a  picture  of  the  video  screen  in  the  case  of  smoke 
particles  of  the  order  of  1  u»  in  diameter  in  a  jet.  The  hologram  was  recorded  with  the 
set-up  6a.  A  4  pulses  hologram  was  realized  with  time  intervals  of  the  order  of  100  ms. 
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4-2  Particle  behaviour 

As  written  above,  to  be  detectable  by  in  line  holography  particles  must  be  bigger  than 
about  10  mb.  Thia  constraint  is  ainor  in  liquid  flows,  because  one  can  easily  find 
particles  of  siailar  density.  It  can  becoae  critical  in  gas  flowB  where  the  particle 
inertia  is  not  negligeable.  This  has  been  the  subject  of  many  theoretical  developaents 
since  the  original  work  of  BOUSSINBSQ  /6/,  but  few  experiaental  results  are  available. 
In  order  to  test  the  various  sodels  and  to  get  a  reliable  Criterion  for  the  influence  of 
inertia  forces  on  the  accuracy  of  fluid  velocity  Beasureaents ,  we  have  developed  an 
experiaental  study  on  the  flow  along  a  45*  angle  wedge  /7/.  Particles  of  different  sizes 
and  densities  have  been  used  to  seed  the  flow  and  various  Models  have  been  tested. 

The  aoat  general  model  for  a  Reynolds  number  small  compared  to  unity  (  Rep  is  defined 
with  the  velocity  discrepancy  between  the  fluid  and  the  particle  and  with  the  particle 
diameter),  is  due  to  Gatignol  /8/: 


et,  .  2r»s  iV. 
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In  this  formula,  a  is  the  particle  radius,  p  and  pp  are  the  fluid  and  particle  densities, 
V  and  Vp  the  fluid  and  particle  velocities  and  ft  the  fluid  viscosity.  The  first  term  on 
the  right  hand  side  is  the  Stokes  drag.  The  second  one  corresponds  to  an  added  maas.  The 
third  term  takes  into  account  the  time  history  of  the  motion-  The  fourth  term  is  the 
effect  of  the  pressure  gradient  due  to  the  acceleration  of  the  fluid.  The  last  term  is 
due  to  the  gravity  forces.  When  the  Reynolds  number  is  not  small  compared  to  1, 
empirical  generalizations  have  been  proposed  by  many  authors.  Those  of  ODAR  and  HAMILTON 
/9/: 
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can  be  retained  as  the  most  representative.  Figure  8  presents  a  comparison  between 
measured  and  computed  velocities  in  the  case  of  15  to  20  microns  polystyrene  particles 
of  density  40  kg/m3.  The  flow  velocity  has  been  measured  by  LDV  using  suhmicron  smoke 
particles.  Computations  are  made  using  the  model  of  SHIllBR  and  NAUMAN  /10/.  The  maximum 


velocity  difference  between  the  fluid  and  the  particles  is  4*.  The  naxisun  difference 
between  predictions  and  neasurenen t s  is  better  than  2X.  Figure  9  presents  the  relative 
difference  &  = |vp  -  V|/|V|  along  a  computed  trajectory  in  the  case  of  a  water  particle 
of  20  am.  Comparisons  are  made  between  the  3  previous  models  and  experimental  results 
obtained  by  holography.  One  can  see  that  the  models  /9/  and  /10/  give  a  quite  correct 
prediction  of  S  .  As  conclusion,  it  appears  that  the  simplest  model  which  correctly 
describes  the  particle  behaviour  for  Reynolds  numbers  lower  than  100  is  that  of  SHILLER 
and  NAUMAN  /10/  which  retains  only  a  corrected  Stokes  term  to  define  the  drag 
coefficient : 


4-3  Data  analysis 

The  last  but  not  least  limitation  of  the  method  is  the  time  necessary  to  extract  the 
information  contained  in  the  hologram.  Due  to  the  magnification  imposed  by  the  size  of 
the  particles,  the  video  screen  represents  typically  about  1  mm2  at  the  scale  of  the 
flow.  This  means  that  actually,  a  very  long  time  is  needed  to  get  the  complete 
information  contained  in  an  hologram.  One  way  of  reducing  this  acquisition  time  is  to 
design  an  automatic  assessment  system.  The  basic  principle  is  to  connect  the  video 
camera  to  a  digital  image  analyser.  The  holographic  image  is  scanned  using  the  motorized 
tables  driven  by  the  computer.  The  system  has  to  detect  the  particles  and  to  determine 
their  position  and  size  by  periodically  digitizing  and  analysing  the  video  image.  The 
main  problem  is  to  determine  the  in  focus  position  of  the  image.  Various  authors  / 1 1 / - 
/12/  have  proposed  solutions  for  this  purpose.  Figure  10  presents  the  solution  tested  by 
BEXON  / 1 1 /  The  image  is  thresholded  at  two  levels  1  and  2  and  the  two  images  obtained 
are  substracted.  One  obtains  a  halo  representat i ve  of  the  slope  of  the  particle  image 
border.  When  the  surface  of  the  halo  is  minimum,  the  image  is  considered  to  be  focussed. 
Comparison  with  microscope  measurements  give  a  good  agreement  on  the  diameter  for 
particles  larger  than  25  urn.  The  combination  of  a  Roberts  cross  operator  and  of  a 
trapezoidal  weighting  function  defined  using  the  intensity  histogramm  is  shown  by 
HAUSSMANN  and  LAUTERBORN  /12/  to  give,  by  computing  the  average  of  the  resulting  image, 
an  efficient  focussing  criterion.  In  any  case,  the  choice  of  a  criterion  has  to  be  made 
on  the  bas is  of  simplicity  for  the  treatment  of  a  volume  of  5x5x1  cm3  with  a  step  in 
depth  of  500  ■  implies  the  acquisition  and  treatment  of  at  least  50.000  pictures. 

5/  CONCLUSION 

An  application  of  holography  to  the  velocity  measurements  in  fluid  flows  has  been 
presented.  The  method  is  interesting  in  *he  fact  that  it  is  non  intrusive,  it  gives 
access  to  the  three  components  of  the  instantaneous  velocity  in  three  dimensional 
domains.  In  this  way,  it  appears  to  be  quite  coaplementary  to  the  classical  laser 
doppler  velocimetry.  As  all  measurements  techniques,  this  method  has  its  limitations. 
Solutions  have  been  studied  and  proposed  for  each  of  them.  The  most  limitative  is  the 
acquisition  time.  This  is  actually  the  object  of  our  effort. 
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SUMMARY 

Optical  access  to  the  flow  is  necessary  if  laser  anemometry  is  to  be  used  to  map  a  given  flow 
field.  Often  this  access  is  difficult  or  impossible  to  obtain  because  of  the  snape  of  the  object 
about  which  (or  within  which)  the  flow  exists.  Examples  are  flows  in  porous  media,  fluidized  beds 
heat  exchangers  or  near  sinusoidal  surfaces.  Making  the  object  of  transparent  material  such  as 
glass  or  plexigTas  is  not  sufficient  to  provide  a  reliable,  useable  optical  environment  for  laser 
measurements.  It  is  often  necessary  to  use  a  fluid  whose  index  or  refraction  matches  tl,at  o'  the 
object. 

At  the  Case  Center  for  Complex  Flow  Measurements ,  C%M  at  Case  Western  Reserve  University,  we 
have  constructed  a  matched  index  of  refraction  flow  system.  The  purpose  of  this  paper  is  to 
describe  this  system  and  present  examples  of  measurements  made  with  this  system.  In  particular 
this  paper  will  discuss 

I.  When  index  matching  is  needed. 

?.  How  close  the  match  has  to  be. 

3.  Practical  details  or  operating  an  index  *::j tr.'ed  facility. 

4.  Flow  measurements  made  using  an  index  matched  facility  to  study  boundary  laver  tr.jns  i  t  ic. 
due  to  roughness,  the  flows  wi thin  rod  bundles  and  the  flow  regimes  within  iwc’js  medn. 


INTRODUCTION 

There  are  many  flows  for  which  velocity  measurements  within  complex  internal  passages  or  i  '* 
curved  solid  surfaces  are  required  for  improved  understand ing  of  flow  and  transport  mechanisms. 
Examples  of  such  flows  incl ude  f  1  cws  i r,  porous  media,  flows  in  rod  bundle  heat  exchangers , 
fluidized  beds,  and  flows  near  wavy  walls.  Often  the  dimensions  of  the  important  *lcw  regions  ve 
such  that  hot  wire  anemometry  or  pitot  probes  are  unaccepta bl e .  Laser  anemometry  being  non- 
intrusive  is  a  Candida te  for  such  measurements  provided  the  problem  of  optical  access  can  te  solved. 
One  solution  to  this  problem  is  to  build  a  scale  model  of  the  flow  passage  object  from  a  transparent 
optical  material  whose  index  of  refraction  can  be  matched  by  a  suitable  fluid.  The  purpose  of 
paper  is  to  describe  such  a  matched  index  of  refraction  flow  system  and  discuss  some  or  tho  ‘‘lu'd 
mechanic  results  obtained. 


THEORETICAL  CONSIDERATIONS 

The  effect  of  a  mismatch  in  index  of  refraction  w’ll  to  discussed  *'e*  e  pr  Har- ! 1/  in  \ 

ray  tracing  and  Snell's  law.  The  calculations  could  be  dene  totally  in  *e  •*•"<;  "c  f  •‘C'/'C-’  r- 

o gat  ion,  hut  the  computations  j<e  ted  ous  and  no  rcjl  row  ;rsiqht  a'juili  4  This  ••••*', ..- 

rell's  law  for  a  ray  traversing  >  sc*  wher»-  f4»-r<.-  '■  -•  sre:  '.*•  '  •'>- 

- e f r  ic t  i  on  is  ( see  V  i gyre  ; ) : 

r.  sin  d,  =  n,  sir,  0 , ,, 

where  n,  is  the  index  of  refraction  .n  side  I,  .*"<!  is  f*e  irg'r  ,-f  >Af  from  •»-.  v.j.-'  mv  A 

the  puiAt  of  incidence.  This  rule  applies  ft.;*'  curved  surfaces  rs  1 1  . 

If  r,  >  n^«  then  there  exists  an  incidence  angle*  ■  ,  where  the  «\iy  d.a-s  n<.t  travc-rsc  th.-  sur* 
at  all.  This  is  Called  the  critical  angle.  T,'.ai  is  to  say, 
n. 

Sin  fi.  =  Sin  9fj‘  -  —  sin 

3  n ,  I  c 
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Fig.  1.  Ray  Traversing  Between  Two  Media  of  Different 
Jndex  of  Refraction  (n^  and  n^) . 

For  an  example  let  nj  *  1.44  and  let  r\2  -  1.00.  Then  0ic  =  43.98°.  Any  ray  making  a  larger  angle 
with  the  surface  normal  will  not  cross  the  surface.  Therefore,  even  if  the  optical  surfaces 
are  flat,  it  may  be  necessary  to  adjust  the  indices  of  refraction  in  order  to  gain  optical  access. 


FLAT  INTERFACES 

Consider  now  two  rays  at  di fferent  angl es  traversing  the  plane  interface  between  two  media  of 
different  index  of  refraction  (see  Figure  2).  This  situation  arises  when  one  is  using  a  laser 
fringe  anemometer  (normally  referred  to  as  a  laser  Doppler  velocimeter  or  LDV). 


Refraction. 


The  rays  would  have  intersected  at  point  O' if  there  had  been  no  interface.  This  is  called  the 
apparent  intersection.  The  rays  actually  intersect  at  0.  8y  geometry  one  can  easily  see  that 

L'  tan0?  n. 

-  =  - -  =  f{-I  ,  8.)  (3) 

L  tanQj  n? 

The  angle  02  is  calculated  by  Snell's  law.  Further,  if  one  attempts  to  move’ the  intersection  point 
while  keeping  the  angle  the  same,  one  can  see  that 


dL 
Hi  i 


U(- 


i.  ",  ) 
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The  measurement  volume  of  the  LHV  is  di  spaced  from  its  apparent  intersection,  and  if  one  moves  the 
intersection  of  the  beams,  the  displacement  is  modified  hy  the  index  of  refraction  mismatch. 


rig.  3.  Two  hays  at  Different  Angles  ■  >'• ,  • 

Traversing  the  Plane  Internee  fie  twee*1  *w« 

Med  i.i  <•.  f  Different  Index  o»  ‘•ef’r.Kt  iori. 

The  problem  is  more  complicated  if  the  angles  that  the  rays  a-a*,e  with  the  wa’H 
(see  Figure3).  Again  the  point  of  intersection  of  the  two  rays  roves  wit*1  ••esoect 
intersection.  Basing  the  coordinate  system  on  the  intersection  of  the  lower  hear  *•' 
it  is  easy  to  see  that 

L 


HI  -  1) 


(C) 


ta  nr-. , 

( — - i  - 1  ■ 


,  •  a  res  in  iir  .  =  -i  »•-.  s  1 1  ]  sir--. 

Age’n  and  car,  he  computed  ty  Sr-vlI's  iaw.  "’it  ru.-sit’on  of  the  ,',*er  sect  ion  is  ■«  i-er 
function’of  the  input  angles  even  for  a  plane  interface,  futher,  note  that  the  tisect’cn  ar 
the  intersection  is  changed.  T_h;j,_  _';-e<in_s_  _♦  n  i  *  _fo>-  a  laser  vcl_-.:c  iretcr ,  the  velocity  co'-tom-1" 
measured  is  not  *he  s.i :i;C-  one  measured  Jr  t;>  ;ij^sorce_o/_‘_he  in*er'r.jCf- .  T >e  rn'l  j'V  i.-(n  betwee*- 
tne  bisector  ang’ ' s  > s 

Mn  -s  --  h-  tar.  *  --ly  ;  '• 

where  s  and  s  are  the  Msec* i;r  angle';  ; n  *l*e  it- sente  of  “  e  inter*' -h  i-  and  !n  t**e  rresorc 

•  ii  te  r  fa  c.  e ,  re  s  pec  lively. 

There  is  one  more  to«  pi  icu  f  ion  caused  :y  *  mismatch  of  the  index  r*  •■*.*'  r.u‘  *  Un .  I  *  .» 

•  ay  it  a  different  angle  is  pissed  through  the  interface  **:at  w.uH  l,ave  intfscc ted  ‘  * 

absence  of  the  interface,  it  will  not  a  common  intersection  in  the  presence  .  *  :.'■*»  i"te 

f-*th  pa  i  r  of  beams  will  intersect,  but  tl..  re  will  not  he  a  common  intersection.  Therefore, 
i.omponent  l.DV  with  three  beam  arrangement  aligned  with  the  intersection  mi  •’Cdiui'  i  wi11  o.  * 
necessarily  be  aligned  when  the  rays  cross  into  medium  . 

It.  can  be  shown  t^jr  to  *  irst  order,  the  sice  of  the  beam  w-»st  <;r  *  laser  hc:r'  f. cased 
rh.rougr  an  interface: 

i.  is  t'-e  si're  size  -  in  nediuc  i. 

has  its  position  shifted  along  the  r.ea"'  by  the  fjtin  r.  ■  m.  I  *'  n  ;  <  b  i  goer  *  h(. 
the  position  of  the  waist  is  shifted  further  away  from  the  intersection  of  tl,e  beam 
the  interface  by  n.  /  .  T *-.e  distance  is  shortened  i  y  the  s-jmi.  vount  i+  •  •■«. 

the  nonlinear  behavior  of  the  position  of  beam  intersections,  it  is  possible  ‘ ha \  t 
waists  of  a  laser  Doppler  ve  Wine  ter  nay  not  he  it  f^e  intersection  e-Mr*.  Since 
difference  ir.  angle  of  beams  *'n  a  t  i-’o  of  flight  laser  vel  or  i^etcr  ( L  T  \  ■  are  typ'Ci 

much  smaller  than  those  cf  a  LDv,  foe  L  TV  is  less  a - tec  ted  by  this  latter  effect. 

The  more  common  situation  of  hiving  rays  traverse  'wo  interfaces  is  somewhat  "i('re  oHpl 
However,  all  the  results  previously  derived  .-ipoTv  f*  .cept  that  the  be  a~s  are  disp’iced  somewh 
passing  through  the  intermediate  medium.  T‘o  relati  r.  of  ‘he  ang’ns  I  e tween  ♦,'e  'ufo*'  edia 
the  same  -is  before. 
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Tig.  4.  Horizontal  Rays  Intersecting  a  Curved 
Interface  of  Radius  of  Curvature  R. 


CURVED  INTERFACES 

Consider  a  set  of  horizontal  rays  intersecting  a  curved  interface  of  constant  radius  of 
curvature  R  (see  Figure  4).  The  interface  acts  like  a  poor  lens,  bending  the  rays  toward  or  away 
from  the  axis  depending  on  whether  n2  is  greater  than  r.j  or  not.  The  amount  of  bending  also 
depends  on  the  height  of  the  intersection  above  the  horizontal  axis.  In  Figure  4,  it  is  easy  to 
see  that 

n.  h 

s1n®2*nJTr  (8) 

Here  rays  that  enter  parallel  may  intersect  in  medium  2.  However,  no  two  pairs  intersect  at  the 
same  point.  Rays  that  would  have  intersected  if  solely  contained  in  medium  1  may  still  intersect 
in  medium  2,  but  again  the  location  of  the  intersection  is  altered.  If  n}>n9,  there  are  some  rays 
that  never  enter  the  medium,  since  their  angles  with  the  surfarp  normal  are  greater  than  the 
critical  angle.  The  height  above  the  axis  h,  above  which  no  rays  enter,  is  giv°n  by 


h 


(9) 


Likewise,  if  a  ray  is  parallel  to  the  horizontal  axis  in  medium.  2,  it  will  not  be  able  to  exit 
at  some  heights  if  n^ >  1 .  This  height  is  given  by  the  sample  formula: 


The  above  calculations  show  that  if  a  parallel  set  of  rays  intercepts  the  interface  of  a  cvlinde*' 
sphere),  there  are  regions  of  the  surface  where  no  r.ys  cross  the  interface.  The  fraction  of  the 
radius  outside  of  this  zone  is  given  by  the  appropriate  ratio  of  indices  of  refraction  -  the  '.-jti,-. 
must  be  less  than  one. 

For  a  simple  curved  surface,  computation  of  the  position  of  intersection  (if  any)  of  two  rays 
can  be  complicated.  For  the  more  complicated  curved  surfaced  encountered  in  some  flows,  the 
calculations  are  indeed  formidable. 

If  a  laser  beam  encounters  a  cylinder  or  sphere  of  diameter  smaller  thin  the  laser  beam,  the 
beam  will  be  severely  distorted  in  a  region  corresponding  to  the  critical  angles  discussed  above. 
The  beam's  phase  fronts  will  be  distorted  even  in  the  region  of  the  solid  where  there  is  no  reflec¬ 
tion  due  to  critical  angles  being  exceeded.  This  can  result  in  distortion  of  the  frinqe  pattern  in 
a  LDV  causing  a  loss  of  velocity  to  frequency  proportional  i ty  or  an  increase  in  bandwidth  it  ti-p 
received  signal . 


EFFECTS  Or  n.  /  n? 

All  of  the  problems  encountered  above  can  be  mitigated  if  one  can  make  the  ratio  n,  /  n  , 
close  to  unity.  The  question  is,  how  close  is  close  enough? 

Example  I: 

Suppose  you  have  a  flat  interface  with  three  beans  crossing  it  (see  rigure  3).  vou  desire  ‘-j 
have  the  intersection  of  the  upper  two  beams  with  the  lower  beam  he  within  0.1  cm. 


L 


m 


t 


Consider  that  the  intersection  point  with  no  interface  would  he  given  ty  the  c 

coordinates  are  (7,0),  as  shown  in  Figure  3.  The  tangents  of  the  :ngio  of  incidence  cf  tk<  thre 
beams  at  the  interface  are  0,  0.1  and  0.2,  respectively.  All  the  intersect ' ons  are  at  y  - 
(see  equation  (6)).  We  need  only  compute  L.  Using  equation  (5),  we  get  Table  1.  Y\  is  the  irte 
of  the  lower  beam  and  the  middle  beam.  Y?  is  the  intercept  the  top  and  lower  beam,  y4  is  tni  L 
intersection  of  the  upper  two  beams. 


Note  that  the  intersections  Y!  and  Y 2  are  within  0.1  cr,  ft.*-  n i  •'  ny  between  1.4  and 
However,  the  intersection  can  be  far  crom  the  apparent  intersection  at  1.  Furthermore,  the 
intersection  of  the  upper  pair  of  beams  will  be  within  0.1  cm  of  the  intersection  wit*,  the  lowe* 
beam  only  if  nj  /  is  between  l.Ol  and  0  99.  Careful  specification  of  the  rrotlen'  is  obviously 
necessary. 


TABLE  1 

A1 1  1  t-ngths  in  cm. 

n. 

Y 1 

Y? 

y  i  _  v 

n , 

1.  1 

4 . 9;;3 

4.976 

1.3 

5.  31 

b .  jo  6 

1 . 2 

b.  7n,: 

5 . 32 

'  .  f  ‘  3  7  | 

1 . 1 

6.317 
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Example  2: 

You  have  a  cyl  i » 

dr'ical 

pipe  f 

tiled  with  fluid  uf 

index  uf 

G  *  r c  f  i  ■;  r  1  r  .  ‘ 1  t_ 

pine  is  5c  m.  The  beams  come  in  na 

ro  1 1 e 1  to  the  horizontal  1 • i s 

:P  to  ■  .  ign* 

desire  that  the  beams 

inside  the  : 

i|e  deviate  by  nn 

Here  tear 

fr.im  urizofit  il 

from  equation  [r 

) ,  we 

see  t'uj 

f  the  ingle  *rom  t.h 

e  horizont 
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•  h 
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n  1  k 

v; 

arcsir 

n  2  P 
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and  their  indices  of  refraction  is  at  the  end  of  this  section.  A  procedure  for  index  matching  is 
a  s  fol 1 ows : 


1.  Estimate  the  index  of  refraction  of  the  solid.  If  there  is  no  information  from  the 
manufacturer,  the  following  table  may  help. 

Material  Index  of  Refraction 

Plexiglas  (Perspex)  1.48  -  1.49 

Optical  Glass  1.47  -  1,55 

Pyrex  Glass  1.45  -  1.473 

2.  Find  the  temperature  coefficient  of  the  chosen  fluid  (or  mixture)  by  measuring  the  index 
of  refraction  at  several  temperatures  using  a  commercial  ref ractometer . 

3.  Pass  a  laser  beam  (at  the  wavelength  you  want  to  use)  through  a  clear  container  with  the 
fluid  inside.  Let  the  beam  propagate  several  meters  to  a  wall  (or  other  target).  Mark 
the  spot  where  the  laser  hits  the  target  (see  Figure  5). 

4.  Place  the  solid  in  the  liquid  and  the  laser  beam.  Note  that  the  beam  at  the  target  has 
moved  and/or  become  distorted.  It  is  especially  noticeable  when  the  solid  is  moved. 

5.  Adjust  the  temperature  and/or  composition  of  the  fluid  until  the  distortion  at  the  targe 
is  •"*;  timized.  The  indices  of  refraction  are  matched. 


Fig.  5.  Schematic  of  Index  of  Refraction  Matching 
Procedure . 

!f  the  solid  is  a  sphere  or  a  cylinder,  you  can  use  equation  ill)  to  estimate  how  well  t'>o 
indices  match.  If  the  beam  size  does  not  appear  to  have  changed  when  the  beam  passes  through, 
center  of  the  solid,  then  the  focal  length  of  the  equivalent  lens  is  greater  than  the  distance 
the  wall.  Thus 


Where  (lw)  is  the  distance  to  the  target  and  P  is  the  radius  of  the  solid 


USEFUL  SUGGESTIONS 


It  has  been  assumed  all  along  that  the  solid  has  a  single  index  of  refraction.  Tnis  is 
true.  First,  the  index  of  refraction  is  a  function  of  wavelength;  therefore,  ,11  matching  tus* 
be  done  at  the  wavelength  to  be  used.  Note  that  if  your  ref ractor.eter  Joes  not  use  tK  wavc’C" 
of  interest,  you  can  match  the  index  but  you  '"ay  not.  know  the  ;ndo>  nr. t ••  •  _ *  i or  it  v  >u-  v/ie- 
length.  This  is  acceptable. 

Second,  most  transparent  solids  have  inclusions  and'nr  indo*  -f  i'c r  *\u.  t  i  v  i  ••  ia  t  i  o"S  due 
induced  stresses.  Inclusions  (air  bubbles  or  solids)  should  simply  be  avoided.  *’c  s‘ • e sees 
be  greatly  relieved  by  annealing  the  solid.  This  can  he  done  by  t.ki<-.j  t^e  sol'd  up  to  .» r  • ; T‘ 

80  of  its  melting  temperature,  holding  it  there  for  10  hours  or  more,  and  then  Coding 
temperature  over  several  hours.  Most  glass  shoes  kave  facilities  *o  do  th's. 

Some  types  of  glass  are  made  with  a  coating  on  them.  This  is  particularly  true  f-'.r  re  ¬ 
used  for  reflectors  or  costume  jewelry.  I'-ese  coatings  usually  oo  not  hive  t ‘e  s.e  *.•  in.b-«  •' 
refraction  as  the  interior  solid.  These  •■••ir  v.  Jc.u1  d  sv-Mi-I. 

’he  properties  of  the  fluids  should  he  checked  from  tine  *  i^e.  We  'ave  found  * '  it  . 
fluid  mixtures  "age"  and  the  viscosity  and  tMe*  »..<  reft  :».t  ior  shiv  tic r».T f .1  v  ■•vc*r  *■  •;»*  ;  : 

of  a  year. 

If  you  find  a  suitable  mixture,  note  tnp  hater  numbers  ■  :i=. rients .  Always  use  *.hn 

batch  if  possible.  Remember,  the  "anufacturer  is  not  wU'-j  the  fluids  for  index  ~-a t .ci' i nq. 
"improvement"  may  he  detrimental.  Our  origininal  silicone  oils  were  made  to  thicken  rail  j.01  '■< 
When  we  ordered  second  hatch  (without  specifying  fatch  ■  urhe-'l,  we  found  the  oils  were-  sudden 
iinmi  sc  ’hie. 


■Ill 

■III 


Temperature  control  is  essential  if  you  want  to  keep  ! n ^  -  n^|<  0.001. 

TABLE  2.  Matched  Index  Materials 

MATCH  I: 

fluid:  A  mixture  of: 

Sohio's  Mineral  Seal  Oil  58%  by  volume 
Sohio's  MD 1-57  42%  by  volume 

Solid:  Optical  Glass  FK-3  Schott  Inc. 

Resulting  properties  at  31°C: 

=  1.464;  p  -  5.75  cp  i  0.2  cp 

p  =  0.85  g/cm3 
v  =  6.76  cs 

MATCH  II: 

Fluid:  A  mixture  of:  73%  by  weight 

Dow  Corning  550  27 %  by  weight 

Union  Carbide  L42 
Solid:  Plexiglas 
Resulting  properties  at  22°C: 

nd  =  1.4905;v  =  188  cs;  p  =  1.03  g/cm 

MATCH  HI; 

Fluid:  A  mixture  of 

Dow  Corning  556  48.5?  by  weight 

Dow  Corning  550  51.5*  by  weight 

Solid:  Pyrex  Glass  Corning  Glass  Co. 

Resulting  properties  at  28.1°C:  o 

nd  =  1.474;  v  =  43.3  cs;  p  =  1.03  g/cnT 

MATCHED  INDEX  FAC11ITV  AT  C3FM-TYPICAL  MEASUREMENTS 

We  have  constructed  a  special  index  matched  facility  at  Case  Western  Reserve  University.  The 
facility  shown  in  Figure  6  is  a  closed  flow  loop  with  gravity  head  and  a  pump  recycle.  Various 
test  sections  up  to  two  meters  long  can  be  mounted  in  the  loop.  The  system  has  a  capacity  of 
3.6  L/s  and  the  flow  rate  can  be  held  constant  to  2? 

The  special  features  of  the  system  are: 


Fig.  6.  Schematic  of  Matched  Index  of  Pefraction 
Flow  System. 
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1  Splash  guard  in  the  head  reservoir.  This  is  essential  to  prevent  small  air  bubbles  from 
being  entrained  in  the  fluid. These  bubbles  can  interfere  with  the  laser  beams  and/or 
get  trapped  in  the  test  section. 

2.  Temperature  control  in  the  loop.  Some  of  the  applications  for  the  loop  require  a  refractive 
index  match  of  better  than  O.OU.  In  addition,  temperature  control  is  necessary. 

3.  The  system  is  sealed  except  for  a  vent  to  a  fume  hood.  Some  of  the  fluids  used  in  the 
system  are  volatile  and  somewhat  noxious. 

The  index  matched  facility  has  a  one  color  two  component  three  beam  (pola ri zation )  TSI  Inc. 
laser  velocimeter  mounted  on  it.  A  panoply  of  instrumentation  is  available  on  the  system,  most 
of  which  is  interfaced  to  a  computer.  The  usual  mean  moments  of  both  components  of  velocity  can 
be  measured  along  with  fluctuation  spectra  and  cross  correlations.  A  second  laser  velocimeter 
is  planned  for  spatial  cross  correlation  measurements . 

This  system  has  been  used  for  velocity  measurements: 

1.  inside  porous  media, 

Z.  in  rod  bundle  arrays, 

3.  inside  surface  roughness  on  a  flat  plate. 


FLOWS  IN  POROUS  MEDIA 

The  matched  index  of  refraction  flow  system  has  been  used  to  measure  fluid  velocities  in 
porous  media  and  rod  bundles.  The  purpose  of  these  studies  is  to  provide  a  fundamental  under¬ 
standing  of  the  physics  of  flow  in  these  systems. 

For  the  porous  media  model,  results  from  one  configuration  are  presented.  Three  dimensional 
velocity  distributions  are  determined  for  liquids  flowing  through  porous  media.  The  porous  media 
consists  of  glass  and  plexiglas  rods  arranged  in  a  complex,  fixed  three  dimensional  geometry. 

The  liquids  used  are  water,  silicone  oils,  Sohio  MD1-57  oil  and  mineral  seal  oil.  The  Reynolds 
number  based  on  average  pore  size  and  average  pore  velocity  ranges  from  0.16  to  700. 

A  model  of  the  rod  porous  medium  is  shown  in  Figure  7.  It  is  constructed  of  pyrex  glass  rods 

1.27  i  0.04  cm  in  diameter  and  consists  of  vertical  rods  fixed  symmetrically  in  a  hexagonal  shape. 
The  space  between  these  rods  is  filled  by  horizontal  rods,  some  perpendicular  to  the  side  walls 
of  the  test  section  and  the  bulk  flow  direction  and  some  at  *  30°  angles  to  the  side  walls  of  the 

test  section.  A  total  of  eighty-eight  rods  is  used,  thirty-three  are  fixed  vertically  by  two 
1.27  cm  thick  aluminum  plates  and  the  remaining  fifty-five  fill  the  void  spaces.  Wall  effects 
are  eliminated  by  cutting  the  horizontal  rods  and  fitting  them  along  the  walls.  Such  an  arrange¬ 
ment  of  rods  needs  no  glue.  This  porous  structure  has  an  inhomogeniety  in  porosity  in  the  bulk 
flow  direction  that  varies  from  0.33  to  0.79  [see  References  2  and  3  for  more  details]. 


Fig.  7.  Structure  of  cell  measured  in  complex 
rod  bundle  structure. 


Figure  8  shows  the  velocity  component,  Uy,  in  the  bulk  flow  direction  for  Re  =  0.8.  Each 
of  the  plots  in  Figure  8  corresponds  to  a  horizontal  "slice"  of  the  representative  cell  at  constant 
Z-coordinate. 


«e  «  0.8 


Fig.  8.  Measured  velocity  in  component  in  bluk  flow 
direction  Uy  at  Re  =  0.8  (see  Fig.  7). 


Figure  9  shows  the  vertical  component  of  velocity,  U2,  in  the  Z  direct  on.  The  positive  and 
negative  areas  of  the  velocity  profiles  can  be  distinguished. 

Figure  10  shows  the  velocity  component,  Uy  in  the  bulk  flow  direction  for  three  different 
Re  numbers  at  Z  =  C.93. 

Figure  11  shows  the  vertical  component  of  fluid  velocity  for  the  same  Re  number  as  shown  in 
Figure  10. 

Over  30,000  velocity  pairs  were  recorded  for  each  Reynolds  number.  This  wo '.I'M  "ot  bsv*  heen 
possible  without  the  computer  interfaced  instrumentation. 


FLOWS  IN  ROD  BUNDLES 


Flows  in  rod  bundles  are  studied  to  gain  a  better  understanding  of  the  physical  processes 
involved  in  various  flow  regimes.  The  Reynolds  number  based  on  the  hydraulic  diameter  and  average 
velocity  in  the  rod  bundle  varies  from  1  to  1500. 

The  staggered  rod  bundle  arrangement  used  is  constructed  of  cylindrical  pyrex  glass  rods 
1.27  .♦  0.04  cm  in  diameter.  A  schematic  of  the  test  section  is  shown  in  Figure  12.  Seven  rows 
are  used.  Wall  effects  are  eliminated  by  cutting  rods  in  half  axially  and  placing  these  half 
rods  in  the  appropriate  row.  Thirty-nine  rods  and  six  half  rods  are  used.  All  of  the  rods  are 
annealed  to  relieve  any  thermal  stresses  and  to  insure  a  uniform  refractive  index.  The  test 
section  (see  Figure  12)  is  cnnstrurted  as  a  rectangular  box  13.5  cm  x  9.55  cm  x  22  cm  long.  It 

is  made  or  aluminum  with  optical  qual i ty  pyrex gi ass  windows.  In  practice  the  test  section  is 

angled  so  the  laser  beams  will  not  have  to  pass  through  the  ends  of  the  rods.  The  transverse 

spacing  Sn  is  fixed  at  1.59  cm  and  the  longitudinal  spacing  Sn  is  varied  from  2  cm  to  2.5  cm  to 

3  cm  (see  Figure  12).  This  is  accomplished  by  providing  the  side  walls  of  the  test  section  with 


.4  cm/m 


3.6  cm  /sec 


14.2  cm /sec 


cig.  11.  Measured  vertical  component  of  velocity  U7  for 
Re  =  0.8,7  ana  28. 


FLOW 

STRAIGHTENERS 


plates  of  different  hole  spacings.  Both  the  top  and  bottom  walls  of  the  test  section  are 
removable  for  changing  the  rod  spacings. 

Two  velocity  components  are  measured  for  three  longitudinal  spacings  S  =2  cm,  2.S  cm  and  3  c 
of  the  staggered  rod  bundle  shown  in  Figure  12.  One  component  of  the  velocity  is  in  the  bulk 
flow  direction,  and  the  other  is  perpendicular  to  the  bulk  flow  direction.  Detailed  velocity 
measurements  are  made  between  the  fourth  and  fifth  row  of  rods  in  the  cell  shown  in  Figure  12. 

The  cell  is  in  the  mid-plane  perpendicular  to  the  rod  axis  and  is  1.9  cm  x  3  cm.  Typical  flow 
patterns  are  shown  in  Figures  13  and  14.  Figure  13  shows  the  direction  of  the  velocity  in  the 
measuring  cell  at  Re  =  97.  The  flow  is  turbulent  and  there  is  evidence  of  backflow  and  eddies. 
Figure  14  shows  the  magnitude  of  the  velocity  for  the  same  flow  shown  in  Figure  13.  Flow  reversals 
are  again  evident.  Figure  13  and  14  show  steep  gradients  near  walls,  backflows  and  eddies. 


Contraction  nettle 


Schematic  of  the  test  section  for  boundary  layer  studies.  Patterns  of  distributed 
roughness  is  shown  in  (a)  The  turbulence  intensity  of  tunnel  is  less  than  0.03 
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FLOWS  INSIDE  AND  ABOVE  DISTRIBUTED  ROUGHNESS  IN  BOUNDARY  LAYERS 


The  purpose  of  this  study  is  to  obtain  a  better  understanding  of  the  effects  of  distributed 
roughness  on  the  transition  from  laminar  to  turbulent  flow  in  the  boundary  layer  on  a  flat  plate. 
The  roughness  is  modeled  as  a  two  dimensional  array  of  3  mm  diameter  glass  beads  arranged  in  a 
square  grid  pattern  aligned  45°  to  the  flow,  as  shown  in  Figure  15.  The  beads  are  affixed  to  a 
flat  glass  plate,  which  forms  the  bottom  wall  of  a  flow  channel  40  mm  high  by  80  mm  wide  as  shown 
in  Fig.  15.  The  mean  and  fluctuating  streamwise  and  vertical  velocity  components  are  measured 
using  the  C^FM  matched  index  of  refraction  flow  system. 

Figure  16  shows  a  plan  of  the  roughness  and  indicates  various  locations  where  two  component 
velocity  profiles  are  measured.  The  velocity  vector  profiles  are  shown  in  Figs.  17-19  and  the 
corresponding  single  component  vorticty  contours  are  shown  in  Figs.  20-22.  These  profiles  ere  for 
a  plane  passing  through  locations  #1,  #5,  #30,  #33,  #36,  #13,  #34,  #31,  #26,  and  #21  as  shown  in 
Figure  16.  See  Ref.  7  for  more  details. 

The  data  was  processed  using  the  Quantitative  flow  Visualization,  QFV,  program  developed  by 
Tjan  and  Dybbs  [8].  The  resulting  velocity  vector  plots  are  shown  ;n  Figs.  17-19.  These  plots 
are  for  laminar  flow  Re^  *  160,  transitional  flow  Re =  315  and  post  transitional  flows.  The 
results  show  the  presence  of  vortical  structures  witnin  the  roughness  layer. 

Single  component  of  vorticity  contour  plots  are  shown  in  Figs.  20-22.  The  purple  regions 
are  of  high  vorticity  and  the  white  regions  are  of  low  vorticity. 


DISCUSSION  AND  C0NCLUSSI0NS 


The  purpose  of  this  paper  is  to  present  the  rationale  and  techniques  for  index  of  refraction 
matching  along  with  some  example  measurements.  While  the  experimental  techniques  are  emphasized, 
the  fluid  mechanical  results  obtained  from  these  measurements  provide  important  new  insights  to 
each  of  the  flows.  These  results  are: 


FLOW  IN  POROUS  MEDIA 


The  results  of  the  measurements  indicate  that  there  are  four  flow  regimes  in  a  porous  medium. 

1.  The  Darcy  of  creeping  flow  regime  where  the  flow  is  dominated  by  viscous  forces  and  the 
exact  nature  of  the  velocity  distribution  is  determined  by  local  geometry.  This  type 

of  flow  occurs  at  Re<l.  At  ReM,  boundary  layers  begin  to  develop  near  the  solid 
boundaries  of  the  pores. 

2.  The  inertial  flow  regime.  This  initiates  at  Re  between  1  and  10  where  the  boundary  layers 
become  more  pronounced  and  an  "inertial  core”  appears.  The  momentum  defect  due  to  the 
solid  surface  has  not  penetrated  to  the  center  of  an  interstitial  space.  "Core"  flow 
refers  to  flows  where  the  inertial  aspects  of  the  flow  appear  to  dominate  the  viscous 
aspects.  The  developing  of  these  "core"  flows  outside  the  boundary  layers  is  the  reason 
for  the  nonlinear  relationship  between  pressure  drop  and  flow  rate.  As  the  Re  increases, 
the  "core"  flows  enlarge  in  size  and  their  influence  becomes  more  and  more  significant  on 
the  overall  flow  picture.  This  steady  nonlinear  laminar  flow  regime  persists  to  a  Re~175. 

3.  An  unsteady  laminar  flow  regime  In  the  Reynolds  number  range  of  175  to  300.  At  a  Re~175, 
the  first  evidence  of  unsteady  flow  is  observed  in  the  form  of  laminar  wake  oscillations 

in  the  pores.  These  oscillations  take  the  form  of  traveling  waves  characterized  by  distinct 
periods,  amplitudes  and  growth  rates.  In  this  flow  regime,  these  oscillations  exhibit 
preferred  frequencies  that  seem  to  correspond  to  specific  growth  rates.  Vortices  form 
at  Re250  and  persist  to  Re  300. 

4.  A  highly  unsteady  and  chaotic  flow  regime,  a  turbulent  flow  regime  for  Re>300. 

These  results  indicate  new  parameters  are  important  for  the  understanding  of  transport  phenomena 
in  porous  media.  In  particular  a  new  characteristic  length,  the  passage  length,  is  important  in 
the  Darcy  and  inertial  flow  regimes,  and  the  Stokes  number  is  important  in  the  unsteady  laminar 
flow  regime.  These  parameters  have  been  used  to  develop  new  models  for  pressure  drop  and  heat 
transfer  in  porous  media  [see  References  2-5] 


FLOWS  IN  ROD  BUNDLES 

These  results  are  used  to  gain  a  better  understanding  of  low  Re  number  flows  in  rob  bundles. 
In  particular,  the  various  flow  reqimes  are  characterized  and  a  prediction  of  the  onset  of  back- 
flow  is  made  as  a  function  of  Re  number  anu  spacing.  These  results  have  important  implications 
for  low  Reynolds  number  heat  exchangers.  See  Reference  6  for  more  details. 
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FLOW  INSIDE  AND  ABOVE  DISTRIBUTED  ROUGHNESS  IN  BOUNDARY1  LAVERS 

The  results  of  these  measurements  provide  important  insights  as  to  the  mechanism  of  boundary 
layer  transition  in  the  presence  of  roughness.  The  intet pretation  of  the  flow  measurements  shows: 

1.  The  velocity  profiles  in  the  presence  of  the  roughness  can  be  divided  into  two  regions 

A.  An  outer  region  from  1  -  1-J  roughness  heights  to  the  outer  edge  of  the  boundary  layer 
(outside  of  the  roughness),  and 

B.  An  inner  region  from  the  wall  to  1  -  1J  roughness  heights. 

For  each  type  of  boundary  layer  the  outer  region  profiles  are  indentical.  The  inner 
region  profiles  differ  depending  on  Re^  and  their  relative  position  to  a  roughness  element. 
For  example,  for  the  boundary  layer  at  the  beginning  of  transition  the  outer  region  profile 
is  laminar  (H*2.35)  while  both  the  inner  region  u  and  v  velocity  profiles  are 
significantly  different  from  those  found  in  the  inner  region  of  the  laminar  boundary 
layer  (see  Figs.  17-19). 

2.  The  mean  inner  region  velocity  profiles  (both  u  and  v)  show  a  transfer  of  high  momentum 
fluid  from  the  outer  region  into  the  inner  region  along  a  plane  going  through  the  siaes 
of  the  roughness.  These  profiles  also  show  a  transfer  of  low  mementum  fluid  from  the 
inner  region  into  the  outer  region  along  a  plane  going  through  the  center  of  the  rough¬ 
ness.  These  momentum  transfers  intensify  in  approaching  the  transition  region.  In  addi¬ 
tion  a  separation  region  of  one  roughness  diameter  was  observed  behind  the  roughness 
element  in  the  boundary  layer  near  the  beginning  of  transition. 

3.  There  is  no  evidence  of  Tollmien-Schl ichting  instability  waves  in  the  flow.  Near  the 
beginning  of  transition  a  single  frequency  oscillation  of  18.75  ±  1.25  h'z  was  measured 
in  both  u‘  and  v1.  While  maintaining  the  same  narrow  band  frequency  content,  this 
oscillation  amplified  rapidly  as  it  moved  downstrem.  When  regarded  as  a  disturbance  of 
18.75  +  1.25  Hz  frequency,  the  corresponding  nondimensional ized  frequency 

[B^/Uq]  =  1017  x  10~6  is  well  above  the  neutral  stability  boundaries  for  infinitesimal 
distrubances  in  the  boundary  layer.  Considering  the  narrow  band,  constant  frequency  content 
of  this  oscillation,  its  high  non-dimensional ized  value  and  the  subcritical  thickness 
Reynolds  number  of  the  boundary  layer,  it  is  unlikely  that  it  is  a  To! Imien-Schl ichti ng 
instability  wave. 

The  results  of  these  measurements  suggest  that  a  possible  mechanism  for  transition  under  the 
conditions  studied  is  similar  to  that  observed  by  Mochizuki  [9-10 )for  a  single  spherical  element. 

In  Mochizuki’s  experiments  hairpin  and  horseshoe  vortices  are  observed.  The  hairpin  vortices  appear 
as  a  spira.  behind  the  spheit  and  the  horjt^hoe  vortices  apppar  in  f-ont  and  to  the  side  of 

the  sphere. 

In  this  work  the  general  upward  movement  of  the  flow  along  an  axis  in  the  downstrem  direction 
going  through  the  center  of  the  roughness  elements,  and  the  general  downward  movement  of  the  flow 
in  an  axis  in  the  downstream  direction  going  through  the  sides  of  the  roughness  elemenets  (see 
Fig.  16),  may  indicate  a  pair  of  vortices  generated  behind  the  roughness  and  rotating  in  the  same 
direction  as  the  hairpin  vortices  observed  by  Mochizuki,  flanked  by  the  weak  horeshoe  vortices  due 
to  the  vorticity  upstream  of  the  roughness  element. 

For  the  distributed  roughness  studied  the  hairpin  vortices  arc  stronger  the  h-r^chce 
vortices.  The  hairpin  vortex  energy  comes  from  the  downwash  of  the  flow  from  the  high  velocity 
fluid  at  the  top  of  the  roughness  (high  momentum  region)  while  the  horseshoe  vortex  energy  comes 
from  the  stagnation  of  the  fluid  in  front  of  the  roughness  element  (low  momentum  region).  As  is 
the  case  with  Mochizuki's  observations ,  the  hairpin  vortices  generated  behind  the  roughness  lift 
up  and  penetrate  the  boundary  layer.  The  contributions  of  the  downstream  roughness  elements  would 
thus  increase  the  strength  of  the  vortices  toward  the  eventual  transition. 

The  single  frequency  oscillation  measured  could  be  attributed  to  shedding  of  these  hairpin 
vorticles,  which  appear  at  an  Re^  =  315.  As  a  comparison  with  the  work  of  Mochizuki  [9-10]  and 
Gupta  [11]  for  a  single  spherical  roughness  element,  the  Strouhal  number  based  on  the  velocity  at 
the  roughness  height  of  the  undisturbed  laminar  profile  and  the  Strouhal  number  based  on  velocity 
at  roughness  height  at  point-  30  in  the  distributed  roughness  was  calculated.  These  numbers  were 
0.08  ±  .005  and  0.23  ±  0.015  respectively.  They  are  in  the  same  range  as  those  found  by 
Mochizuki  and  Gupta. 


Fig.  1 7 

Laminar  Boundary  Layer 


Fig.  18. 

Transitional  Boundary  Layer 


Fig.  19. 

"Turbulent"  Boundary  Layer 


Figs.  17-19.  Vert cr  velocity  plots  of  flow  within  distributed  roughness  in  laminar 
transitional  and  post  transitional  ("turbulent")  boundary  layers.  These  plots  are 
of  two  velocity  components  in  the  mid-plane  (see  Fig.  16)  of  a  typical  roughness 
structure.  The  plots  were  constructed  using  a  Quantitative  How  Visualization 
Scheme  (QFV). 


ansitional  boundary  la  ye 


Fig.  22. 

Vorticity  map  of  turbulent  boundary  layer. 


Fiyj.  20-22.  Single  vorticity  contour  plots  for  corresponding  vector  plots  of 
Figs.  17-19  in  the  mid-plane  of  the  roughness  (see  Fig.  16)  for  laminar  transitional 
and  post  transitional  ("turbulent")  boundary  layers.  These  plots  were  constructed 
using  a  Quantitative  Flow  Visual ization  Scheme  (QFV). 
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RESUME 

Cet  expose  pr6sente  la  mythode  polarographique  de  mesure  d>  frottement  parietal.  Cette  raethoue 
permet  de  faire  dans  an  liquide  approprie  des  mesures  en  ecouleraent  tridimensionnel  el  instationnalre 
sans  apporter  de  ^perturbations .  Pour  la  raise  en  oeuvre,  un  canal  hydraulique  de  grande  capacity  a  yty 
congu  (Re  =  1,5.10).  II  est  entiyrement  realise  en  raatyriaux  yiectriquemen*  neutres  et  chimiquement inertes. 

Des  exemples  de  mesures  par  la  raythode  polarographique  sont  enfin  donnys.  I  Is  ont  yte  choisis 
pour  raettre  en  yvidence  l'intyret  de  cette  mythode  dans  des  cas  typiques  d ' ycoulements  fortement  tridi- 
raensionnels  ou  instationnaires .  La  possibility  de  mesure  en  transfert  de  masse  est  aussi  prysentye. 


I.  INTRODUCTION 

La  difficulty  essentielle  du  traitement  des  couches  limites  tridimensionnelles  rysi.de  dans  la  connais- 
sance  des  profils  de  Vitesse,  par  rapport  A  la  direction  locale  de  l'ycoulement  extyrieur.  L'ytude 
expyrimentale  de  la  configuration  des  lignes  de  courant  pariytales  est  une  raythode  tres  puissante  pour 
analyser  la  validity  des  traiteraents  raathymatiques  qui  sont  appliquys  aux  ycoulements  tridiraensionnels, 
soit  comme  consequence  des  traiteraents  classiques,  soit  pour  utiliser  des  calculs  dar.s  un  repyre  triple- 
orthogonal  A  la  parol.  En  effet  le  repyre  gynyralement  utilisy  est  basy  sur  les  lignes  de  courant  de 
l'ycoulement  extyrieur  et  la  normale  A  la  surface.  Ce  repyre  n'est  quasi-orthogonal  que  pour  les  faibles 
courbures  de  la  paroi  et  des  couches  limites  de  faible  ypaisseur. 

Les  techniques  de  visualisation  sont  alors  d'un  emploi  assez  gynyral.  Cependant  lorsque  l’ycoulement 
n'est  pas  permanent,  les  lignes  de  courant  ne  se  confondent  plus  avec  les  trajecioires  des  marqueurs. 
D'autre  part,  lorsque  l'ycoulement  devient  turbulent,  les  mouvements  alyatoires  de  petite  ychelle  et 
l'effet  de  diffusion  qui  en  rysulte,  viennent  encore  compliquer  1 ' interprytation  des  clichys.  Les  techni¬ 
ques  de  visualisation  pariytales  sont,  de  plus,  perturbatrices  A  cause  d ' accumulat ion  en  paroi  ou  de 
granulomytrie  trop  importante. 

L'intyret  de  la  technique  yiectrochirolque  que  nous  utilisons  est  de  fournir  directement  des  valeurs 
instantanyes  du  frottement  pariytal.  Ces  valeurs  sont  indypendantes  de  l'histoire  antyrieure  des  particu- 
les  de  fluide.  Cette  technique  permet  ygalemeni,  par  des  mythodes  de  traitement  de  signal  appropriyes, 
de  reconstituer  les  configurations  instantanyes  de  1 'ycouleraent ,  independamment  des  perturbations  locales 
introduites  par  la  turbulence. 

Le  canal  hydraulique  que  nous  avons  congu  et  ryalisy,  permet  d'associer  sur  une  merae  installation 
les  techniques  classiques  de  visualisation,  la  technique  polarographique  de  mesure  instantanee  du  frotte¬ 
ment  pariytal  et  la  vyiocimytrie  LASER. 

Nous  rappelons  dans  un  premier  temps  les  prlnclpes  de  la  polarographie .  Ensuite  nous  dycrirons 
le  canal  hydraulique  et  nous  terminer^ns  par  des  exemples  d'etudes  menycs  par  cette  technique. 


II.  METHODE  POLAROGRAPHIQUE 

La  mythode  de  mesure  de  frottement  pariytal  que  nous  utilisons  est  deriv-ye  d'une  mythode  d'analyse 
yiectrochimique  bien  connue  :  la  polarographie  qui  est  basye  sur  la  mesure  du  coefficient  de  transfert 
d'une  yiectrode  en  rygime  de  diffusion  controlee. 

Pour  un  systyme  REDOX  en  prysence  d'une  yiectrode  inattaquable  dans,  un  fort  exces  d '  y lectrol yte 
indiffyrent,  la  ryaction  de  ryduction  a  lieu  au  niveau  de  l'yiectrode. 

Ox3  *  ne  -*  Red^3  (  1 ) 

Si  cette  ryaction  est  suf f isarament  rapide  la  concentration  de  l'ion  actif  est  nulle  A  la  surface 
de  l'yiectrode  et  1'apport  de  courant  est  uniquement  limity  par  le  dyplacement  des  ions  au  sein  de 
la  solution,  dyplaceraent  qui  se  fait  par  diffusion  et  par  convection.  Alnsi  les  courbes  de  polarisation 
prysentent  un  palter  qui  ne  dypend  que  des  conditions  hydro-dynamiques  au  voisinage  de  l'yiectrode. 
(Figure  1).  Ce  paller  est  rygit  par  l'yquation  de  la  diffusion  controlee  : 

3  C  - > 

~  ♦  V  .  grad  C.  =  CAC 

avec  le 3  conditions  aux  limites  de  ;oacentrat Ion  nulle  C-0  sur  l'yiectrode  et  ^ 

(D  est  le  coefficient  de  diffusion  de  I 'espyce  act  1 ve ) . 

Dans  la  mythode  polarographique,  ces  conditions  hydrodynamiques  on  gynyral  complexes  sont  fixyes 
une  fots  pour  tmitp,  la  hauteur  du  paller  permet  d’idcnllficr  l'espdce  ionique. 

De  nonbreux  travaux  en  rygime  de  diffusion  contrfilde ont  yty  ryalisys  ensuite  par  des  e  lectrochimis- 
tes  pour  ytudier  le  courant  limlie,  l'effet  de  la  lempyrature  ou  les  coefficients  de  diffusion  des 
solutions,  mair  les  yiectrodes  utPisees  sont  de  grandes  dimensions  et  ne  permettent  que  des  mesures 
de  coefficient  de  transfert  moyeu.  L' interpretation  des  resultats  est  alors  ires  delicate  car  toutes 
les  conditions  hydrodynrmlques  ne  sont  pas  explicltees  et  les  formules  dydultes  des  experiences  ne 
font  pas  apparaltre  les  pararndtres  importants. 


(2) 

=  0  sur  les  parois  inertes. 


Inversement  les  resultats  obLenus  par  voie  th6orique  sont  dif ficilement  comparables  aux  resul- 
tats  experimentaux  faute  de  pouvoir  reprodulre  correcteraent  ler  mimes  conditions  hydrodynaroiques . 

1.  Fondements  metrologiques 

Le  coefficient  de  transfert  d'une  electrode  d'aire  A  :  K  *  esL  determine  a  pariir  de 

l'equation  (2).  II  depend  en  general  d'une  infinite  de  variables  qui  sont  les  vitesses  dans  tout  le 
champ  de  diffusion.  Tnver.sener:t  a  partlr  d'une  mesure  du  coefficient  de  transfert  11  est  impossible 
d'en  deduire  ces  variables  qui  sont  les  parametres  physiques  a  raesurer .  Pour  un  usage  metrol ogique , 
11  faut  faire  corresponds  autant  de  signaux  que  de  parametres  physiques. 

Cette  constatation  ne  fut  falte  qu'en  1962  par  l'equipe  du  Professeur  HANRATTY  de  1 'University 
de  1' Illinois.  L'apport  f ondamental  fut  fait  par  REISS  et  HANRATTY  [l  ]  qui,  constatant  la  tr6s  faible 
6paisseur  de  couche  limite  de  diffusion  vis-d~vls  de  celle  de  la  couche  limite  dynamique,  montrent 
que  l'on  peut  riduire  le  nombre  de  parametres  physiques  en  utilisant  des  micro-6 lec trodes . 

Consid6rons  une  electrode  affleurant  A  la  paroi  suppos6e  chimiquement  inerte.  Le  champ  des  vitesses 
au  voisinage  de  la  paroi  peut-etre  d6velopp6  perpendiculalrement  A  la  paroi  selon  la  formule  de  TAYLOR,  (x 
et  2  sont  dans  le  plan  tangent  A  la  paroi). 

2 

U(x.y.z.t)  *  y.Sx(x.z.t)  ♦  fj  3“f*  (x.z.t) 

2  . 

W(x.y.z.t)  *  y.Sz  (x.z.t)  *  ^7  (x,z,t)  ♦ - 


et  d’apris  l 'Equation  de  continuity  : 


3Sx  +  9  Sz  -I  _  jrf  .  92Sx  sfsz. 
3x  3z  J  6  3x3y  3  23  y ' 


En  dehors  des  points  de  frottement  nul,  pour  une  yiectrode  suff issamment  petite  l'6paisseur  de 
la  couche  limite  de  concentration  est  suf fisamment  faible  pour  pouvoir  se  limiter  au  premier  terme 
du  dyveloppement  de  TAYLOR.  Ainsi  le  champ  tridimensionnel  de  vitesse  ne  depend  plus  que  de  deux  champs 
bidiraensionnels  S  (x.z.t)  et  S  (x.z.t)  dans  toute  la  couche  limite  de  concentration. 


Si  de  plus  le  champ  du  gradient  de  vitesse  dans  la  couche  limite  de  concentration  est  horaogyne, 

c  ’est-d-dire  si  les  electrodes  sont  de  petltes  dimensions  vis-a-vis  des  longueurs  d’ondes  des  plus 

petites  perturbations  spatlales  du  champ  de  vitesses  et  si  1 'amplitude  de  ces  perturbations  relativement 
A  la  valeur  ponctuelle  au  centre  de  l'eiectrode  est  petite,  il  est  possible  de  negltger  les  variations 
spatiales  de  S  et  S  relativement  A  leur  valeur  au  centre  de  l'eiectrode.  Ainsi  le  probieme  ne  depend 

plus  que  de  deux  parametres  $^(0  et  Sz(t)  (Figure  2). 

U  -  y.s  (t) 

(4) 

W  =  y.S  (t) 


L'equation  (2)  s'ecrit  : 


3  C  +  y  3  C  ^  Sz 
3  t  3  x  Sx 


_ L_  (3?c  ,  3^C 

v.  ‘  7  ' 

(Sx)2/3  3‘  32 


en  faisant  le  changement  de  variable  (  H  :  longueur  caracteristique  de  l'eiectrode). 

•  ^  ■  •  .  .  ,  0  2 


Szll2  '  Sx 

- F  K  ‘  A 


et  les  conditions  aux  llmites  s'ecrlvent  : 


i  I 

A  3y 


C  =  0  sur  l'eiectrode 


e  0  sur  les  parols  inertes 

L  3Y  . 

Si  le  gradient  parietal  S  est  sufflsamment  grand,  il  est  possible  de  negllger  la  diffusion  longitu- 
dinale  et  pour  des  electrodes  d*al  1  on.tement  grand  dans  la  direction  z,  l'equation  (5)  se  r6duit  A  : 

3C  '  3C  32C 

-T  »  y  —  -  — 2- 

3t  3x  3y 

et  le  coefficient  de  transfert  est  [1] 

K  -  0.807|Sx| 1/3 

3x  Intervient  par  sa  valeur  absoiue  car  l'eiectrode  n'est  pas  sensible  A  la  direction  de  L'ecoulement 
(Figure  3  ). 


Cette  solution  assymptot ique  est,  selon  LING  [2]  valable  dis  que  Sx  *  5000  ce  qui  est  presque 


toujours  v6rifi6e  car  le  nombre  de  Schmitt  S 


1000) . 
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Inertie  introduite  par  les  sondes  : 

Lorsque  les  fluctuations  du  champ  des  vitesses  sont  petites,  il  est  possible  de  lindariser  liqua¬ 
tion  de  la  diffusion.  Le  principe  de  superposition  s'applique  alors.  Le  champ  de  perturbation  r  provoqud 
par  sx  et  sz  est  la  somrae  des  champs  de  perturbations  cx  et  cz  qui  seraient  provoquds  respectivement 
par  sx  et  sz  seul  . 

cx  et  cz  sont  alors  solution  des  deux  Equations  : 


9cx 

1 

,  /cx  32cx. 

7  * 

3  ‘  cx 

3t 

s2'3 

X 

(“r2  *  ~rT) 

ax  9z 

ay2 

3cz 

1 

,a2cz  92cz 

*  3^£z 

at 

s2/3 

X 

■~ry~  *  r2) 

ax  9  z 

a  y2 

3x  S  9  x 


(Ms  *  Mf)  ♦  M§  -[y3-^  ♦  &  y  (U) 

9 1  9x  9z  9  y  3x  Sx  3z 

Liquation  (12)  peut  §tre  rendue  bidimensionnelle  en  neglige  ant  les  terraes  de  diffusion  longitudinale 
et  transversale . 

La  deuxidme  Equation  ne  peut  pas  etre  rendue  bidimensionnelle  de  par  la  presence  du  terme  y  3-v^, 

3* 

cist  pourquoi  la  determination  de  la  r6ponse  des  sondes  aux  fluctuations  transversales  ndcessite 
exc lusivement  un  traitement  tridimensionnel  [5 

La  figure  6a  reprdsente  la  rdponse  f rdquentielle  aux  fluctuations  longitudinales  en  module  et 
en  phase. 

La  courbe  est  identique  d  celle  obtenue  dans  le  cas  bidimensionnel  par  PY  [6]  qui  a  montrd  qu'une 
combinaison  lindaire  des  signaux  {  K  +  K  }  +  6{K,  “  K_  \  peut  ameiiorer  considdrablement  la  reponse  en 

frequence . 


La  reponse  aux  fluctuations  transversales  est  representee  sur  la  figure  6b.  Elle  est  du  merne 
ordre  que  la  reponse  des  sondes  simples  aux  fluctuations  transversales.  Elle  permet  de  pr6voir  desormais 
les  limites  d ' util isation  des  sondes. 


III.  LE  CANAL  HYDRAULIQUE  POLAROGRAPH IQUE 

Pour  raettre  en  oeuvre  la  technique  polarographique  nous  avons  congu  un  tunnel  hydrodynamique 
adapte . 

A  priori  ce  tunnel  pr6sente  les  raemes  qualitds  que  tous  les  tunnels  hydrodynamiques .  Les  principaux 
criteres  sont  : 

-  le  norabre  de  REYNOLDS, 

-  licoulement  dans  la  veine  (uniformite,  turbulence,  absence  de  cavitation...), 

-  les  radthodes  de  visualisations, 

-  1  iquiperaent  de  mesures  disponible  :  Laser  Dopier  Andmoradtrie,  Photogrammdtr le  etc... 

Par  rapport  aux  souffleries  subsoniques  traditionnelles  les  tunnels  hydrodynamiques  prdsentent  toutefois 
quelques  inconvdnlents  lids  essentlellement  au  confinement  ndcessaire  de  leur  veine  d'essais  comme 

-  l'dtanchditd  Indispensable  de  toutes  les  parties  itutives  <:u  tunnel, 

-  la  protection  des  systdmes  dlectriques . . . 

On  ne  saurait  ndanmoins  pas  oublier  qu'lls  prdsentent  des  qualitds  tout  d  fait  lnddniables,  notaro- 
ment  la  possibility  d'associer  faclleraent  visualisations  et  mesures  grSce  d  quoi  le  ddgrosslssage 
des  probldmes  adrodynamiques  peut  @tre  effectud  rapidement.  En  effet,  l°s  visualisations  de  raise  en 
oeuvre  plus  aisde  dans  l'eau  que  dans  l'air  perroettent  une  apprdhension  des  dcoulements  fluides  qui 
accdldre  1 ' orientation  des  recherches  vers  des  configurations  soit  critiques,  soit  plus  performar’tes. 
Slgnalons  par  ailleurs,  que  les  tunnels  permettent,  compte  tenu  de  la  diffdrence  de  viscositd  et  de 
masse  volumique,  1 ’utilisation  de  raoddle  plus  petlts  et  moins  ondreux  que  ceux  expdrimentds  dans  les 
souffleries . 

Les  caractdristtques  de  f onct ionnement  du  tunnel  hydraulique  polarographique  de  l’Universitd 
de  VALENCIENNES  sont  les  suivantes  : 

-  veine  de  section  carrde  300  x  300  ram 

-  vitesse  supdrieure  d  4  m/s  6 

-  le  notnbre  de  Reynolds  rapportd  au  c8td  de  la  veine  est  supdrieur  d  10  . 


Parmi  les  nombreuses  solutions  polarographiques  couramment  utlllsdes,  quelques  unes  sont  plus 
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partlcul  iere.nent  adaptees  k  des  usages  de  metrologie  parietale.  Citons  celles  qui  sont  k  base  de  ferri- 
cyanure,  Lriodure,  quinone  qui  donnent  autant  de  solutions  que  de  solvants  diff brents  possibles. 

II  faut  que  la  solution  ait  un  comportement  newtonien.  La  reaction  chimique  doit  @tre  reversible  eL 
ires  rapide.  Elle  doit  donner  le  maximum  de  courant  electrique  pour  un  minimum  d’ions  transports. 
Elle  doit  €tre  stable  et  le  polarogramme  doit  presenter  un  paller  tres  net.  Pour  avoir  de  bonnes  r6ponses 
en  frequence,  le  coefficient  de  diffusion  dolt  etre  grand,  sans  toutefois  permettre  aux  couches  de 
diffusion  d’etre  trop  epaisses. 

Nous  avons  choisi  le  systeme  redox  iodure  -  lriodure  dans  une  solution  aqueuse  d'iodure  de  potassium 
dont  les  principales  caracteristiques  polarographiques  sont  bien  connues  [7  \ 

La  reaction  electrochimique  est  la  suivante  : 

i”  ♦  2e"  t  3I~ 

Le  solvant  est  une  solution  k  100  grammes  par  litre  d'iodure  de  potassium  dans  de  l'eau  permutSe 
(resistivite  sup6rieure  k  lMf2  x  cm).  L'iode  y  est  dissout  A  10  mole  par  litre  environ.  L'apparition 
de  l'ion  triiodure  se  fait  en  presence  d'un  exces  d'ions  I  d'apres  la  reaction  : 


La  concentration  en  ion  triiodure  est  largement  inferieure  k  la  limite  d'apparition  de  la  migration 
eiectrique.  Les  micro-electrodes  de  mesure  et  l1 anode  sont  en  platine.  L'anode  est  de  grande  dimension 
et  elle  sert  de  reference  de  potentiel.  TouLes  les  parties  en  contact  avec  le  fluide  autres  que 
les  electrodes  doivent  etre  eiectriquement  neutres  pour  ne  pas  perturber  les  mesures.  Elies  doivent 
en  outre  @tre  chlmiquement  inertes. 

Nous  avons  choisi  un  canal  a  veine  horizontale  fonctionnant  en  circuit  feme  k  l'aide  d'une  heiice 
actionnee  par  un  raoteur  (Figure  7).  La  geometrie  des  differentes  parties  a  6te  definie  pour  optimiser 
la  qualite  de  1 *6couleraent  dans  la  veine  d'exp6rience  mais  aussi  pour  reduirc  au  maximum  les  volumes 
car  1* iodure  de  potassium  est  relativement  onereux. 

Les  principales  parties  sont  les  suivantes  : 

Le  convergent 

II  a  une  section  d'entrec  circulalre  et  une  section  de  sortie  carr6e  de  300  x  300  mm.  Le  rapport  de 
contraction  vaut  17,1. 

11  est  realise  en  polypropylene  toile  renforce  par  un  stratifie  r6sine  polyester  arrae  de  tibres 
de  verre  (figure  7). 

La  chambre_de_tranguilisation 

Elle  precede  le  convergent  et  a  pour  role  d ’ homogeneiser  1 '  ecou lement . 

La  longueur  est  volontairemeni  tr6s  falble  pour  minimiser  la  quantite  de  liquide  polarographique . 
L'utilisation  de  deflecteurs  s'avere  indispensable(  figure  8)  Ils  ont  ete  optimises  par  une  etude  pream¬ 
ble  en  soufflerie.  Ils  permettent  une  diminution  sensible  de  la  longueur  de  la  chambre  de  tranquilisation 
et  une  reduction  de  moitie  de  la  perte  de  charge  singuliere  locale.  La  chambre  de  tranquilisation 
est  en  meme  materlau  que  le  convergent.  Elle  se  termine  par  un  filtre  en  nylon  et  un  nid  d'abeille 
k  mailles  hexagonales. 

La  veine  d *  experience 

La  veine  est  du  type  guldee  de  section  carree  de  300  x  300  ram.  Elle  est  realis6e  en  altuglas  transpa¬ 
rent  et  sa  conception  permet  une  visibll4*e  integrale  sur  les  quatre  faces(figure  9). 

Sa  longueur  principale  de  1140  ram  peut  €tre  port6e  k  1800  mm.  Des  vcines  speciales  munies  de  pi£gc  a 

couche  limite  et  de  parois  adaptables  sont  en  cours  de  conception. 

La  progulslon 

Le  moteur  k  courant  continu  reguie  de  13,25  KW  entralne  une  heiice  quadripale  realisee  en  polyfluo- 
rure  de  vlnylidene.  L'etancheite  est  assuree  par  une  garniture  en  alumine-carbure  de  tungstene. 

L'aibre  est  en  acler  gaine  de  polypropylene.  II  est  guide  par  un  palier  Interne  en  c6ramique 
et  un  palier  externe  avec  roulement  et  butee  k  billes. 

Le  canal  de  retour 


II  guide  le  fluide  jusqu'e  l'entree  de  la  chambre  de  tranquilisation.  II  contient  le  trongon 
de  redressement  et  l'echangeur  de  chaleur.  Les  aubes  directrices  du  redresseur  convertissent  les  rota¬ 
tions  indultes  par  1 'heiice.  L'echangeur  de  chaleur  realise  en  polypropylene  assure  une  temperature 
constante  du  fluide. 


IV.  MESURES  EN  TUNNEL  POLAROGRAPHIQUE 

1.  Ecoulement  parietal  autour  de  cOnes  eianc6s  A  grande  Incidence  [8]. 

Le  travail  que  nous  presentons  a  ete  mene  grace  k  l'aide  de  la  D.R.E.T.  dans  un  tunnel  hydrodynamique 
de  petltes  dimensions. 


21-6 


Dans  un  premier  temps,  nous  avons  mesure  les  coefficients  de  transfert  de  sondes  simples  de 
active  circulaire  sur  un  c6ne  ideal  et  sur  un  c6ne  emousse  avec  un  rayon  de  44  mm  (figure  10). 


Nous  avons  pu  mettre  en  Evidence  plusieurs  zones  au  comportement  diff6renci6  (figures 


surface 

11a  et 


Suite  k  la  zone  de  couche  llmite  proprement  dite  dont  l'etendue  azimutale  diminue  avec  1' Incidence 
et  oil  les  fluctuations  sont  tr6s  faibles,  apparait  une  zone  ou  le  gradient  de  vitesse  pr6sente  un 
minimum  tr6s  net  et  des  fluctuations  tr6s  importantes.  La  zone  aval  est  caract6ris6e  par  des  gradients 
de  vitesse  tr4s  intenses  et  des  fluctuations  assez  importantes.  Dans  cette  zone,  apparaissent  des 
structures  gagnant  en  intensity  avec  1 'incidence  et  lorsque  l'on  s'eioigne  de  la  points.  D'une  fagon 
g6n6rale,  nous  n’avons  pas  mis  en  Evidence  la  dissym^trie  particulierement  significative  ;  raais  nous 
avons  observe  que  1 ‘ instability  de  l’ecoulement  augmente  avec  1* incidence.  Elle  est  particulierement 
importante  k  60s. 

Le  fait  d*6mousser  la  pointe  permet  de  stabiliser  les  grosses  structures  tourbillonnaires  tout 
en  Les  intensif iant . 

Dans  un  deuxieme  temps,  nous  avons  determine  les  coraposantes  transversales  et  longltudinales 
du  gradient  de  vitesse  a  L'alde  d'un  cone  muni  de  sondes  doubles,  de  surface  active  rectangulaire 
(figure  12).  L'6volution  de  la  composante  transversale  permet  de  proposer  une  representation  sch6matique 
de  L'allure  des  lignes  de  courant  au  voisinage  immediat  de  la  paroi  (figure  12).  Elle  met  en  evidence 
la  presence  de  nappes  tourbillonnaires  de  plus  en  plus  complexes  quand  on  s'eioigne  du  sommet  du  cone, 
entre  la  zone  de  couche  limite  proprement  dite  et  la  zone  "d' arret"  aval.  La  composante  longitudlna le 
du  gradient  permet  de  suivre  devolution  du  sens  de  l'ecoulement  aux  diffirentes  incidences.  Cette 
composante  est  toujours  falble,  sauf  dans  toute  la  zone  k  l'aval  de  l'ecoulement. 

L'analyse  spectrale  n'a  pas  permis  de  mettre  en  evidence  une  frequence  privil§giee. 

Les  raesures  perraettent  de  se  faire  une  idee  globale  sur  l'ecoulement  parietal  autour  d'un  cone 
en  incidence.  Elies  permettent  en  partlculier  une  reconstitution  de  l'ecoulement  moyen.  Sur  la  figure 
13,  nous  avons  represente  le  vecteur  gradient  parietal  moyen  de  vitesse  sur  le  cone  developpe  en  intensi- 
te  et  direction. 

Globalement  nous  n' avons  pas  mis  en  evidence  de  dissymetrie  significative  des  nappes  tourbillonnaires 
expliquant  des  comportements  aerodynamiques  anormaux  [9].  La  cause  en  est  peut  etre  la  forte  obstruction 
de  la  velne  d 'experience .  (Section  carr6e  de  150  x  150  mm  par  un  cone  dont  le  cylindre  de  base  cl  un 
diam6tre  de  30  mm).  Une  etude  de  cet  effel  d 'obstruction  debute  dans  le  canal  de  grande  capacite 
que  nous  avons  pr6sente. 

2.  Importance  du  positlonnement  du  support  des  sondes  de  mesure  dans  les  ecoulements. 

On  sait  [  10  ]  que  la  reponse  d'une  sonde  an6mometrique  au  voisinage  d’une  paroi  depend  de  la  geome¬ 
tric  de  la  sonde  et  de  l'angle  a  fait  par  l'axe  du  support  de  cette  sonde  avec  la  paroi.  Pour  des 
geometrie  de  sonde  (figure  14),  on  note  (figure  15),  au  voisinage  de  la  paroi  une  augmentation  avec 
cet  angle  de  la  vitesse  moyenne  enregistree  et  une  diminution  de  la  valeur  quadratique  moyenne  de 
la  fluctuation  turbulente.  La  sonde  dite  parietale  fournit  des  resultats  comparables  k  la  sonde  droite 
inclin6e  k  environ  10s  (figure  16).  Ce  ph6nom6ne  est  dfl  k  I'effet  de  sillage  des  broches  lorsque  celles- 
ci  sont  plac6es  dans  un  gradient  de  vitesse.  L' importance  du  gradient  de  vitesse  dans  lequel  la  sonde 
est  plac6e  peut  etre  mis  en  Evidence  dans  un  jet  parietal  plan,  ou  nous  avons  observe  le  decalage 

des  profils  de  vitesse  avec  une  sonde  orientee  k  10s  et  90s.  C'est  un  effet  de  d6placeraent  (figure 

17)  [  11].  Dans  une  couche  llmite  on  a  d6ja  remarque  [12  ]  que  la  representation  de  la  loi  logar ithmique 
k  la  paroi 

-  C  Log  y  ♦  D 

fournit  pour  D  une  valeur  qui  depend  de  cet  angle  a  alors  que  la  constante  C  resle  inchangee  avec 
1 ' orientation  de  l'axe  du  support  de  la  sonde. 

La  m6thode  polarographique  nous  permet  de  retrouver  ces  r6sultats.  Nous  avons  reporte  (figure 

18)  le  gradient  parietal  mesur4  par  une  sonde  polarographique,  rapporte  au  gradient  parietal  mesure 

en  1' absence  de  sonde.  On  y  remarque  bien  I'effet  de  blocage  de  la  sonde  "type  couche  limite','  1 'augmenta¬ 
tion  du  gradient  parietal  avec  la  sonde  droite,  quand  l'angle  fait  par  son  support  avec  la  paroi  augmente. 
Pour  les  angles  de  45s  et  90s  on  note  que  1’ importance  de  I'effet  de  sillage  du  support  et  des  broches 
a  une  incidence  sur  le  gradient  parietal  de  vitesse  ra£me  lorsque  la  sonde  est  en  dehors  de  la  couche 
limite . 


L'utilisation  de  cette  raethode  de  mesure  parietale  non  perturbatrice  conjugu6e  k  1 'an6mom6trie 
laser  permettra  d'effectuer  des  mesures  notarament  dans  les  intractlons  de  sillages  et  d'obtenir  des 
r6sultats  qui  ne  traduiront  pas  des  erreurs  exp6riraentales  qui  pourraient  §tre  r6introduites  dans 
les  modeiisations. 

3.  Etude  locale  du  transfert  de  masse  sur  un  cylindre  allete 

L'objectif  de  cette  etude  est  la  determination  de  surface  d’echange  de  chaleur  k  hautes  performances 
dans  les  6changeurs  k  tubes  ailet4s  par  utilisation  d  '  instationnarites  creees  par  un  ecoulement  fluctuant 
en  direction.  L'utilisation  d ' ecoulement  "battant"  permet  de  pr6voir  une  augmentation  du  transfert. 
La  complexite  des  ph6nom6nes  n6cessite  une  etude  locale  en  deux  parties  : 

La  premiere  partie  consiste  en  la  mesure  par  polarographie  du  gradient  parietal  de  vitesse, done 
du  frotteraent,  sur  un  cylindre  muni  d'ailettes.  La  m6thode  polarographique  permet  des  mesures  locales 
en  ecoulement  lnstationnalre  sans  perturbation. 


JL 


* 
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Dans  la  deuxiEme  partie  nous  raesurons  directement  le  coefficient  local  de  transfect  de  masse 
sur  un  cylindre  ailetE  totalement  actif.  Bien  que  le  nombre  de  Schmitt  soit  grand,  il  est  possible 
de  prEvoir,  par  analogle,  le  transfert.  de  chaleur  [13]  dans  une  configuration  semblable  pour  des  surfaces 
d'Echange  isothermrs 

Les  deux  cylindres  d'Etude  sont  gEomEtriquement  identiques  (figure  19).  Le  cylindre  de  raesure 
du  frottement  porte  des  sondes  slmpl®  circulaires  de  diamEtre  0,1  mm.  Ces  sondes  ne  mesurent  done 
que  le  module  du  gradient  pariEtal  de  vitesse  et  sont  insensibles  E  la  direction  de  1  * Ecoulement . 
Une  sonde  est  situEe  sur  le  cylindre  et  d'autre*  sondes  sont  sH  tuEes  sur  une  ailette  E  diffErei.tcs 
distances  de  l'axe. 

Le  cylindre  de  mesure  du  transfert  de  masse  E  une  surface  totalement  active  en  platine.  Les  Electro¬ 
des  de  mesure  du  transfert  local  sont  situEes  aux  memes  endroits  que  pour  les  mesures  du  gradient 
pariEtal.  Elies  sont  formEes  d'une  surface  de  platine  de  0,4  ram  de  diamEtre  isolEe  du  reste  de  la 
surface  par  un  anneau  isolant  de  largeur  raoyenne  de  0,05  mm. 

Pour  recrEer  localement  l'Ecoulement  battant,  e’est  le  cylindre  qui  est  mis  en  oscillation  selon 
son  axe  dans  un  Ecoulement  perpendiculaire  de  vitesse  uniforme  au  loin  (figure  19).  Le  nombre  de  Reynolds 
rapportE  au  diamEtre  du  cylindre  est  Egal  E  17  000.  Les  oscillations  ont  une  amplitude  variable  de 
0  E  8  mm  et  une  frEquence  de  0  E  50  Hz. 

De  1  'Etude  coraplEte  [14]  nous  allons  extraire  quelques  mesures  typiques  E  titre  d'exeraple. 

Mesures  sur  le  cylindre  : 

La  figure  20  prEsente  l'Evolution  du  coefficient  de  transfert  de  la  sonde  circulaire  sltuEe  sur 
le  cylindre  en  fonction  de  l'aziraut  comptE  E  partir  du  point  d 'arret  amont .  Les  volcu. ^  sont  tou jours 
positives  car  les  sondes  simples  ne  sont  sensibles  qu'au  module  du  gradient  pariEtal  de  vitesse. 

L'Evolution  est  semblable  aux  mesures  sur  un  cylindre  isolE  [15].  On  distingue  en  particulier 
la  zone  de  couche  liraite  de  0  E  80"  environ,  la  zone  de  dEcollement  avec  le  enurant  de  retour  et  la 
zone  d’arret  aval  de  grande  Etendue  ou  le  frottement  raoyen  est  quasi-nul. 

Quand  les  pulsations  varient  de  0  E  50  Hz,  on  note  une  stabilitE  de  la  zone  de  couche  limite. 
Ce  rEsultat  Etait  prEvisible  malgrE  le  caractEre  tridimensionnel  du  E  la  prEsence  des  ailettes. 

L'Evolution  notable  apres  le  point  de  dEcollement  est  principalement  dQc  E  la  mauvaise  rEponse 
des  sondes  simples  en  Ecoulement  oscillant  autour  d’un  frottement  moyen  nul. 

Les  mesures  du  transfert  de  masse  (figure  21)  montrent  1' insensibilitE  remarquable  de  la  zone 
de  couche  limite  aux  oscillations  transvcrsales .  AprEs  le  dEcollement,  le  transfert  qui  augmente  systEraa- 
liquement  avec  la  frEquence  prEsente  d*»MX  maxima,  l'un  E  90°  environ  et  l'autre  au  point  d’arret  aval. 

Mesures  sur  les  ailettes  : 


Les  mesures  du  gradient  pariEtal  de  vitesse  sur  les  ailettes  mettent  en  Evidence  la  complexitE 
de  l'Ecoulement  qui  y  est  fortement  tridimensionnel. 

La  figure  22  prEsente  l'Evolution  du  transfert  de  masse  sur  une  ailette  a  11  mm  de  l'axe  du 
cylindre . 

On  note  pour  une  frEquence  donnEe  en  fonction  de  l'azimut,  une  dEcroissance  rEguliEre  du  transfert 
sur  la  partie  amont  de  l'ailette.  La  prEsence  d'un  pic  trEs  marquE  est  du  E  1 '  intEraction  avec  le 
sillage  du  cylindre.  Quand  la  frEquence  augmente  jusqu'E  33  Hz  le  transfert  augmente  quelque  soit 
l'azimut.  On  note  ensuite  un  effet  global  d'amortissement  pour  la  frEquence  plus  ElevEe.  La  frEquence 
a  pour  effet  Egalement  de  diminuer  la  largeur  d  'Epanoui  ssement  du  -.1 1 1  ago  du  cylindi  . 


V.  CONCLUSION 

Les  quelques  exeraples  de  mesure  par  technique  Electrochimique  qu?  nous  avons  prEsentEs  montrent 
1’intEret  de  cette  raEthode  pour  des  Etudes  dynamiques  pariEtales  dans  des  configurations  fortement 
tridimensionnel les  ou  instationnaires .  Les  mesures  directes  de  transfert  sont  aussi  possibles  et  permet- 
tent  de  dEvelopper  des  analogies  avec  le  transfert  de  chaleur.  Ces  analogies  sont  plus  gEnErales  que 
1 'analogle  de  Reynolds. 

Cependant  la  mise  en  oeuvre  est  relativement  compliquEe  car  elle  nEcessite  un  liquide  spEcial 
et  des  installations  Electriquement  neutres  et  chlmiquement  inertes. 

Le  Laboratolre  de  MEcanique  des  Fluides  de  1'UniversitE  de  Valenciennes  (France)  s'est  dotE  d'un 
canal  hydraulique  de  grande  capacitE  rEpondant  E  ces  conditions. 

La  posslbllltE  de  falre  des  mesures  en  Ecoulement  tridimensionnel  du  frottement  pariEtal  instantanE 
associE  E  des  mesures  par  anEmomEtrle  Laser  dans  la  masse  du  flulde  et  des  visualisations  par  bulles 
d'hydrogEne,  font  de  cette  installation  un  outll  unique  et  trEs  prEcieux. 
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SUMMARY 

A  computerized  flow  visualization  technique  capable  of  quantifying  the  flow  field 
automatically  is  described.  The  technique  uses  a  time  modulated  illumination  scheme  to 
retrieve  vectorial  information  from  the  pathlines  of  particles  suspended  in  the  flow. 
This  technique  has  eliminated  a  major  source  of  error  in  velocity  reading  which  is 
common  in  conventional  particle  tracing  techniques.  Application  of  the  present 
technique  to  the  recirculating  flow  field  of  a  two  dimensional  cavity  is  described. 
Velocity  profiles  obtained  from  the  pathlines  of  the  particles  through  the  present 
technique  show  excellent  agreement  with  the  velocity  profiles  obtained  using  laser 
dopplor  velocimetry. 


INTRODUCTION 

The  human  eye-brain  system  has  excellent  capability  in  recognizing  patterns  and 
structures  which  makes  flow  visualization  a  unique  tool  in  obtaining  a  crucial  physical 
understanding  of  complicated  flow  phenomena.  Usually  the  nature  of  this  understanding 
is  qualitative.  However#  further  progress  depends  upon  the  implementation  of  the 
obtained  information  to  plan  quantitative  experiments  by  using  techniques  such  as  hot 
wire  anamometry  or  laser  doppler  velocimetry.  These  two  techniques  are  typically- 
limited  to  simultaneous  sampling  at  a  few  spatial  locations. 

In  this  respect#  the  global  Lagrangian  nature  of  the  information  contained  in  a 
single  flow  image  makes  the  development  of  a  quantitative  flow  visualization  technique 
very  attractive  in  principle.  Such  a  technique  has  the  potential  of  providing  multi¬ 
point  spatial  and  temporal  information  regarding  the  velocity  or  vorticity  field. 

Among  many  available  flow  visualization  techniques#  flow  pictures  produced  by  the 
pathlines  (traces)  of  small  particles  suspended  in  fluid  have  been  used  in  obtaining 
velocity  field  information  (1#2).  The  velocity  data  (except  the  direction  of  the 
motion)  is  obtainable  from  the  trace  photographs  by  measuring  lengths  and  positions  of 
streaks.  To  obtain  the  sense  of  the  motion#  one  can  follow  the  trace  particles  on 
short-exposure  photographs  separated  by  short  time  intervals.  But  the  difficulty  of 
identifying  the  same  particle  on  two  photographs#  especially  for  a  high  concentration  of 
particles#  makes  the  latter  technique  impractical. 

A  major  drawback  in  using  the  conventional  particle  tracing  technique  has  been  the 
unacceptable  amount  of  manual  work  required  to  obtain  a  velocity  vector  field  from  a 
large  number  of  traces.  In  recent  years#  there  have  been  several  attempts  tc  make  the 
particle  tracing  technique  les->  laborious  by  using  image  digitizers  and  computer  image 
processing  techniques  (3#4#5).  These  attempts  suffer  from  the  fact  that  the  lack  of 
vectorial  information  requires  the  final  judgement  of  an  operator  who  should  bear  in 
mind  the  flow  direction  and  assign  a  local  velocity  vector  to  each  individual  trace. 
This  is  usually  done  during  the  digitization  process  and  requires  both  manual  labor  and 
a  prior  knowledge  of  the  flow  direction. 

This  paper  will  introduce  a  new  combined  illumination  and  image  processing 
technique  developed  specifically  to  eliminate  both  the  flow  direction  ambiguity  and 
required  manual  labor.  The  developed  technique  is  fully  automated  and  has  a  general 
feature  that  can  be  easily  adapted  to  various  types  of  experiments.  The  intention  of 
this  paper  is  to  present  the  detailed  elements  of  this  technique  and  demonstrate  its 
potentials  by  reporting  the  results  of  its  applications  to  a  cavity  flow  field. 
However#  the  detailed  experimental  results  will  be  reported  elsewhere. 

In  the  following  sections#  the  schemes  used  in  our  technique  for  the  generation  of 
the  variable  intensity  traces#  image  digitization#  image  processing#  trace  detection  and 
flow  computation  are  described. 

GENERATION  VARIABLE  INTENSITY  TRACES 

The  information  regarding  the  flow  direction  can  be  obtained  by  generating  variable 
intensity  traces.  Gharib  and  Hernan  (6)  used  af t er -g 1 ow ing  properties  of  optically 
activated  phosphorescent  particles  to  construct  the  velocity  vector  field  of  a  transient 
free  surface  vortex.  The  practical  difficulties  of  producing  phosphorescent  particles 
with  the  appropriate  life  times  to  resolve  particular  flow  time  scales#  as  well  as  the 
need  for  pulsed  laser  sources  to  obtain  high  quality  flow  images  led  us  to  develop  a 
simpler  method  for  generating  variable  intensity  traces. 


TRACING  hi  TIME 


Q£  IH Z  LIGHT  SOURCE 


By  using  an  Argon-Ion  laser  and  a  fast  laser  beam  scanner*  a  thin  sheet  of  light 
(1-3  mm  in  thickness)  can  be  generated  in  the  plane  of  a  desired  flow  cross-section. 
Prior  to  the  beam  scanner*  the  laser  beam  goes  through  a  chopping  filter  (Fig.  1).  This 
filter  which  is  used  as  an  intensity  modulator  can  be  designed  to  generate  a  variable 
laser  beam  intensity  as  it  chops  the  beam.  We  tried  two  different  filter  designs.  In 
the  first  design  a  filter  with  a  variable  density  gradient  is  used  to  generate  a 
continuous  intensity  variation  on  the  entire  trace  length.  Two  small  round  openings  at 
the  two  ends  of  the  chopping  filter's  window  generate  two  bright  spots  on  each  trace 
which  will  be  used  as  the  reference  points.  These  reference  points  eliminate  a  major 
source  of  error  which  is  usually  undetected  in  the  previous  particle  tracing  techniques 
(3*4*5).  To  understand  the  problem*  let  us  define  the  traveling  time  of  the  particle 
At  as  the  total  time  that  the  particle  has  traveled  through  the  laser  sheet  during 
the  illumination  period*  (At).  In  conventional  particle  tracing  techniques 
AT  corresponds  to  the  camera's  exposure  time  and  the  basic  assumption  is  that 
AT  *  At  and  particle  velocity  is  usually  defined  as 

Up  =  AL/AT 

where  A L  is  the  photographically  registered  trace  length.  However  in  a  real  situation* 
the  particles  that  enter  the  sheet  after  starting  of  the  illumination  or  exit  earlier 
than  ending  of  the  illumination  period  will  have  a  traveling  time  shorter  than  AT. 
This  problem  usually  causes  erroneous  velocity  readings  for  particles  with  large 
velocity  components  normal  to  the  plane  of  illumination.  In  the  present  technique*  a 
particle  that  has  remained  in  the  sheet  during  the  illumination  period  should  have  two 
bright  reference  points.  Lack  of  one  or  both  points  on  a  trace  disqualifies  the  trace 
for  the  velocity  calculations. 

Figure  2  represents  a  typical  trace  generated  by  using  the  first  filter  design.  In 
the  second  design  a  uniform  density  filter  is  used  between  two  reference  points  and  an 
extension  of  this  uniform  filter  past  the  second  reference  point  is  used  to  label  it  as 
the  trace's  ending  point.  Figure  3  represents  a  sample  trace  generated  by  the  second 
filter  configuration. 

Note  that  in  the  chopping  filter  method*  a  desired  flow  time  scale  can  be  easily 
resolved  by  controlling  the  illumination  period  through  the  rotation  rate  of  the  filter. 
Also*  another  advantage  of  chopping  the  filter  over  the  activated  phosphorescent 
particle  tracing  technique  is  that  regular  solid  or  liquid  particles  (not  necessarily 
luminescent)  can  be  used.  However  by  using  luminescent  particles  and  a  proper  laser 
emission  line*  one  can  excite  trace  particles  at  a  desired  color  and  therefore  reduce 
the  image  background  noise  by  eliminating  the  scattering  particles  through  optical 
filtering.  For  most  of  our  experiments  we  used  40  Um  polystyrene  particles  coated  with 
Sodium  Fluorecein  or  Rodamine.  The  450  nm  (blue)  line  of  a  2  watt  Argon-Ion  laser  was 
used  to  obtain  yellow  color  traces  from  the  particles  coated  with  Sodium  Fluorescein  and 
red  color  traces  from  the  Rodamine  particles. 


The  flow  images  were  acquired  with  a  35  mm  camera  which  was  focused  on  the 
illuminated  plane.  The  camera's  recording  time  was  synchronized  with  the  chopping 
filter  through  a  pulse  generator  and  an  electronic  shutter.  Each  photographic  positive 
print  was  digitized  by  a  CCD  (charge  couple  device)  camera  and  an  image  digitizer.  This 
process  was  controlled  by  a  host  computer  (IBM  AT).  Each  photographic  plate  was 
digitized  into  a  512  x  512  pixel  matrix  with  a  256  (8  bits)  gray  level  resolution. 


SOURCES  QZ  ERROR 


Accuracy  of  the  measurements  and  calculations  of  the  described  technique  can  be 
greatly  influenced  by  several  parameters  including  the  conditions  for  the  particles  to 
reflect  the  real  local  velocity  vector  (7*  8)*  optical  imaging  error  (9)*  accuracy  of 
locating  the  particles  (5)  and  non-uniformity  of  particle  dist ribution.  However*  the 
most  fundamental  source  of  error  that  is  removed  with  our  technique  is  the  erroneous 
trace  length  reading  due  to  the  lack  of  information  regarding  the  entrance  or  the  exit 
of  the  particle  from  the  light  sheet.  The  nature  of  this  error  reveals  no  indication  of 
its  frequency.  Under  estimation  of  the  velocity  magnitude  as  large  as  one  hundred 
percent  of  the  local  mean  velocity  might  occur  in  the  conventional  sheet  lighting 
technique . 

A  second  most  important  source  of  error  is  due  to  the  fact'  that  one  tries  to  obtain 
an  Eulerian  velocity  field  from  a  Lagrangian  measurement.  The  temporal  and  spatial 
evolution  of  the  velocity  will  contribute  to  the  inaccuracy  of  Eulerian  velocity 
component  obtained  from  the  particle  traces  (10).  However*  a  short  illumination  period 
which  essentially  results  in  short  enough  trace  lengths  to  avoid  large  velocity  changes 
in  space  and  time  or  curvature  in  the  traces  will  allow  one  to  obtain  a  good  estimate  of 
the  Eulerian  velocity. 


SOFTWARE  STRUCTURE  AND  OPERATIONAL  DETAILS 

The  resulting  data  were  displayed  on  a  monitor  and  also  were  stored  on  a  hard  disk 
for  the  subsequent  processing.  The  software  was  designed  to  operate  either  on  the 
displayed  digital  image  or  on  the  stored  information  on  the  hard  disk. 

The  first  step  in  the  analysis  of  the  digital  images  was  to  define  the  boundaries 
of  each  streak  line.  By  pre-examination  of  a  sample  image*  the  operator  inputs  a  gray 
level  threshold  that  determines  the  minimum  pixel  value  of  what  will  be  considered  a 
trace.  Due  to  the  initial  removal  of  the  scattering  light  by  the  optical  filtering*  we 
had  obtained  images  with  a  large  signal-to-noise  ratio.  Figure  4  presents  an  example  of 
the  intensity  distribution  over  a  sample  trace  and  its  relative  value  to  the  background 
gray  level.  The  quality  of  the  images  made  it  possible  to  identify  the  ♦•race  regions 
with  usually  a  single  threshold  level.  Once  the  threshold  value  was  determined*  it  was 
applied  to  the  remaining  of  the  sequence  of  images.  Using  this  threshold  value*  the 
processing  program  then  sets  any  pixel  below  the  threshold  value  equal  to  zero  (black) 
and  saves  the  thresholded  image.  In  the  next  step*  the  program  scans  the  screen*  line 
by  line*  and  detects  the  first  pixel  of  any  potential  trace  region.  This  pixel  should 
have  at  least  three  neighboring  pixels  with  a  value  above  the  set  threshold  level  for 
the  program  to  begin  to  define  a  region*  otherwise  the  pixel  is  set  to  zero. 

A  region  is  defined  by  tracing  around  the  boundary  of  the  region  and  sorting  the 
coordinates  of  the  boundary  pixels  in  an  array.  A  boundary  pixel*  as  is  sketched  in 
Figure  5  must  have  at  least  two  neighboring  pixels  with  a  value  above  the  threshold 
level.  Using  the  described  criterion  the  next  boundary  pixel  has  been  found  by  a 
clockwise  search  in  a  3  x  3  matrix*  centered  at  the  current  detected  pixel*  starting 
from  the  last  detected  boundary  pixel.  Once  the  region  boundary  is  defined  (Fig.  6)* 
the  gray  level  value  of  the  entire  region  is  set  to  zero*  so  that  the  region  will  not  be 
defined  again  as  the  program  continues  to  scan  the  screen.  The  scanning  continues  until 
all  the  trace  regions  are  identified. 

In  the  next  step*  an  automatic  search  is  conducted  for  the  reference  points  inside 
the  region  by  scanning  the  pixels  inside  each  region  and  computing  average  and  maximum 
gray  level  values  of  the  defined  region.  A  gray  level  with  a  given  fraction  between  the 
average  and  maximum  is  then  chosen  as  the  reference  point  threshold.  A  value  of  .33 
yields  the  best  results  to  identify  the  reference  point  region  (Fig.  7).  Once  the 
outline  boundary  of  a  reference  point  is  defined  in  the  same  way  that  a  region  is 
defined*  the  centroid  of  it  will  be  determined  and  assigned  to  the  corresponding  region. 
By  counting  the  number  of  centroids  in  each  region  the  program  disqualifies  any  region 
with  either  one  or  more  than  two  reference  points.  Therefore  any  region  which  was 
generated  by  an  incomplete  trace  or  by  two  crossing  traces  is  eliminated  from  further 
processing  (Fig.  8).  In  the  next  step*  the  program  draws  a  line  between  the  two 
centroids  of  each  valid  region  and  at  a  specified  number  of  equally  distanced  points  on 
this  line  draws  normal  lines  to  intersect  the  boundaries  of  the  region  (Fig.  9)  and 
consequently  to  identify  the  mid-point  of  the  trace  region  (Fig.  10).  For  the  highly 
curved  traces*  the  number  of  normals  can  be  increased  to  achieve  better  resolution  in 
constructing  the  trace.  The  distance  that  a  particle  travelled  during  .*T  v*->  equated 
to  the  sum  of  the  segments  that  were  generated  by  the  mid-points  (Fig.  10). 

For  the  first  type  of  chopping  filter*  where  a  continuous  intensity  variation  was 
obtained  on  each  trace*  the  local  velocity  direction  is  found  by  comparing  the  gray 
level  values  in  surrounding  neighborhood  pixels  of  each  reference  points.  For  the 
traces  which  were  obtained  by  the  second  method*  the  reference  point  that  has  the 
largest  distance  from  the  closest  tail  end  is  identified  as  the  starting  point.  Finally* 
the  ve’ocity  scalar*  direction  and  mid-location  of  each  trace  is  stored  in  a  file  for 
further  processing.  It  is  interesting  to  mention  that  despite  the  non-optimum  nature  of 
the  current  system*  the  net  time  for  the  image  digitization*  trace  detection  and 
velocity  vector  field  construction  of  a  single  flow  picture  is  approximately  two 
minutes.  A  typical  reported  time  for  obtaining  a  similar  information  by  conventional 
techniques  is  in  the  order  of  one  hour  (4*5). 

In  the  next  step  a  square  grid  system  is  imagined  to  cover  the  entire  digitized 
field.  The  data  for  each  trace  is  then  read  and  assigned  to  the  mesh  square  into  which 
the  mid-point  of  the  trace  falls.  A  vector  summation  of  the  all  traces  associated  with  a 
certain  mesh  square  results  in  the  mean  velocity  vector  for  that  mesh  square. 


EXPERIMENTAL 


AND  RESULTS 


As  part  of  an  attempt  to  show  the  practicality  of  the  present  technique*  we 
implemented  it  to  construct  the  velocity  vector  field  of  a  tw:>  dimensional  cavity  flow. 

The  experiments  were  performed  in  a  water  tunnel  on  a  7  cm  deep  two  dimensional 
cavity  as  shown  in  Figure  1.  The  boundary  layer  at  the  upstream  corner  was  laminar  at 
the  operational  free  stream  velocity  of  30  cm/sec. 

For  a  small  value  of  cavity  width  to  depth  ratio  (b/h>*  the  flow  inside  the  cavity 
is  essentially  a  steady  recirculating  stream  (11).  For  a  large  cavity  width  to  depth 
ratio  (b/h  >  1)*  the  cavity  flow  becomes  unstable  on  a  large  scale  and  shows  strong 
three  dimensional  behavior. 
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Figure  11  presents  the  flow  field  for  b/h=.8  which  was  obtained  from  averaging  60 
consecutive  images.  Figure  12  presents  a  similar  flow  field  for  b/h=1.15  where  the 
flow  inside  the  cavity  is  strongly  unsteady  and  three  dimensional. 

Both  flow  fields  are  indicative  of  the  recirculating  region  inside  the  cavity.  The 
information  contained  in  these  figures  can  easily  be  used  to  compute  vorticity  and  the 
pressure  field.  However/  our  main  goal  was  to  compare  these  Lagiangian  velocity 
information  to  the  information  obtainable  from  single  point  Eulerian  measurement 
techniques  such  as  laser  doppler  velocimetry  (LDV) .  For  this  purpose/  by  using  LDV/  one 
traverse  of  the  velocity  field  at  the  middle  of  the  cavity  with  b/h=.8  was  obtained. 
Figure  13  shows  an  excellent  agreement  between  this  velocity  profile  and  the  one 
obtained  from  the  particle  tracing  method.  Such  agreement  can  be  seen  only  on  the  upper 
half  of  the  velocity  profile  for  the  large  cavity  configurations  with  b/h=1.15  (Fig. 
14).  The  disagreement  of  the  two  velocity  profiles  can  be  attributed  to  the  strongly 
three  dimensional  flow  near  the  bottom  of  the  cavity  which  drastically  reduces  the 
number  of  valid  traces.  However/  this  problem  can  be  resolved  by  increasing  the  number 
of  images  to  obtain  better  statistics  of  the  mean  velocity  field. 

CONCLUSION 

The  above  results  provide  credence  to  the  applicability  of  the  developed  method  as 
a  quantitative  automatic  flow  visualization  technique.  It  can  be  easily  applied  to 
complicated  flow  problems  where  single  point  measurements  or  laborious  conventional 
particle  tracing  techniques  cannot  be  considered  feasible.  The  developed  technique  can 
provide  fast  multi-point  flow  information  for  analytical  investigation.  Therefore/  in 
this  respect/  it  can  be  considered  as  the  only  counterpart  to  multi-point  numerical 
methods.  In  order  to  reduce  the  total  time  needed  to  obtain  the  velocity  field/ 
experiments  are  underway  to  eliminate  the  photographic  steps  of  the  technique  by  direct 
optical  and  electronic  image  recording  of  the  flow  field.  The  new  experiments  involve 
the  three  dimensional  mapping  of  the  velocity  field  by  stereo  imaging  of  the  flow  field 
by  two  cameras. 
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SUMMARY 

A  new  velocity  measurement  technique  is  described  that  provides  the  simultaneous 
visualization  of  a  two-dimensional  streamline  pattern  and  the  quantification  of  the 
velocity  field.  The  main  advantage  of  this  technique  is  that  the  velocity  field  can  be 
measured  with  sufficient  accuracy  and  spatial  resolution  so  that  the  vorticity  field 
can  be  readily  obtained.  This  technique  is  ideally  suited  for  the  study  of  unsteady 
vortical  flows,  which  occur  in  high  angle  of  attack  aerodynamics.  The  technique,  some 
of  the  important  parameters  that  affect  its  use,  and  some  recent  examples  are 
described . 


NOMENCLATURE 
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airfoil  chord 
cylinder  diameter 
Reynolds  number 
time 

streamwise  velocity 
lateral  velocity 

streamwise  distance  between  scanning  locations 
lateral  distance  between  scanning  locations 
vorticity 


I .  INTRODUCTION 


Since  the  early  works  of  Prandtl  water  facilities  together  with  flow  visualization 
techniques  e.g.  dy<  injection,  hydrogen  bubbles,  have  been  extensively  used  to  provide 
a  better  understanding  of  complex  flow  phenomena,  such  as  the  ones  occurring  in  high 
angle  of  attack  aerodynamics.  The  advantage  that  water  facilities  have  over 
conventional  wind  tunnels  is  that  they  provide  an  easy  means  to  perform  the  ilow 
visualization.  In  particular,  when  dealing  with  unsteady  flows,  because  of  the  lower 
kinematic  viscosity  of  water  compared  to  that  of  air,  it  is  possible  to  reproduce  an 
aerodynamic  flow  in  water  with  a  lower  free  stream  velocity  to  attain  a  Reynolds  number 
comparable  to  that  in  air.  Due  to  the  lower  velocities,  the  flow  time  scales  become 
relatively  larger  thus  leading  to  clearer  observations  of  dynamic  phenomena. 

Even  though  conventional  visualization  techniques  are  an  excellent  means  to 
understand  the  global  flow  features,  they  only  provide  qualitative  information.  A 
detailed  description  of  flow  fields  can  only  be  achieved  through  mapping  of  the  entire 
flow  field.  However,  the  measurement  of  velocity  in  unsteady  flows  remains  a 
challenging  problem  in  experimental  fluid  mechanics.  Available  techniques  such  as  hot¬ 
wire  anemometry  and  Laser  Doppler  veiocimetry  can  only  provide  "one  point"  information. 
In  order  to  obtain  whole  field  data,  measurements  must  be  carried  out  sequentially  one 
point  at  a  time.  Although  this  sequential  method  can  be  easily  implemented  in 
applications  involving  steady  flows,  it  is  of  rather  difficult  application  in  unsteady 
flow  phenomena. 

Recently,  a  novel  measurement  technique  commonly  known  as  Laser  Speckle  or 
Particle  Image  Displacement  veiocimetry  became  available.  This  technique  permits  the 
simultaneous  visualization  of  the  two-dimensional  streamline  pattern  in  unsteady  flows 
and  the  quantification  of  the  velocity  field.  The  main  advantage  of  this  new  technique 
is  that  the  whole  two-dimensional  velocity  field  can  be  recovered  with  great  accuracy 
and  spatial  resolution,  from  which  the  instantaneous  vorticity  field  can  be  easily 
obtained.  This  constitutes  a  great  asset  for  the  study  of  a  variety  of  flows  that 
evolve  stochastically  in  both  space  and  time,  and  in  the  case  of  interest,  to  the  study 
of  unsteady  separated  flows,  which  occur  in  high  angle  of  attack  aerodynamics. 


2.  PRINCIPLE  OF  THE  TECHNIQUE 

The  application  of  LSV  or  PIDV  to  fluid  flow  measurement  involves  several  steps. 
First,  it  is  necessary  to  "create"  a  selected  plane  or  surface  within  the  flow  field. 
This  is  accomplished  by  seeding  the  flow  with  small  tracer  particles,  similarly  to  LDV 
applications,  and  illuminating  it  with  a  sheet  of  coherent  light,  as  shown  in  Figure  1. 
A  pulsed  laser  such  as  a  Ruby  or  a  Ndtfag  laser,  or  a  CW  laser  with  a  shutter  is 
normally  used  as  the  light  source.  The  laser  sheet  is  formed,  for  example,  by  focusing 
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the  laser  beam  first  with  a  long  focal  length  spherical  lens,  to  obtain  minimum 
thickness,  and  then  diverging  the  beam  in  one  dimension  with  a  cylindrical  lens.  The 
light  scattered  by  the  seeding  particles  in  the  illuminated  plane  provides  a  moving 
pattern.  When  the  seeding  concentration  is  low,  the  pattern  consists  of  resolved 
diffraction  limited  images  of  the  particles.  When  their  concentration  increases,  the 
images  overlap  and  interfere  to  produce  a  random  speckle  pattern.  A  multiple  exposure 
photograph  records  this  moving  pattern.  The  lower  particle  concentration  originates  a 
mode  of  operation  of  the  technique  referred  to  as  Particle  Image  Displacement 
Velocimetry ,  reserving  the  term  Laser  Speckle  Velocimetry  for  the  high  particle 
concentration  levels  where  a  random  speckle  pattern  is  actually  formed  (reference  1). 
In  a  second  step  the  local  f?luid  velocity  is  derived  from  the  ratio  of  the  measured 

spacing  between  the  images  of  the  same  tracer,  or  speckle  grain,  and  the  time  between 
exposures . 

Several  methods  exist  to  convert  the  information  contained  in  the  multiple-exposed 
photograph,  or  specklegram,  to  flow  field  data  such  as  velocity  or  vorticity.  The 
recorded  image,  whether  formed  by  isolated  disks,  in  the  case  of  low  particle 
concentration,  or  speckle  grains  for  high  particle  concentration  is  a  complicated 
random  pattern.  It  would  be  very  difficult  to  measure  the  local  displacements  by 
visual  or  computer-aided  inspection.  However,  it  is  important  to  realize  that  the 
multiple  exposure  photograph  results  in  a  peciodic  random  image  from  which  the 
periodicity  information  can  be  retrieved  using  Fourier  or  Auto-correlation  analysis. 
Basically,  the  multiple-exposed  photographs  or  specklegrams  can  be  analyzed  either  on  a 
point-by-point  basis,  which  yields  measurements  of  the  local  displacements  (velocity), 
(refs.  2-3)  or  with  a  whole  field  filtering  technique,  which  yields  isovelocity 
contours  (ref.  3).  The  method,  which  has  been  selected  and  implemented  by  the  Fluia 
Mechanics  Research  Laboratory  at  the  Florida  State  University,  is  the  Young's  fringes 
method.  The  local  displacement  is  determined  using  an  focused  laser  beam  to 
interrogate  a  small  area  of  the  multiple  exposed  photograph  transparency.  The  dif¬ 
fraction  produced  by  coherent  illumination  of  the  multiple  images  in  the  negative 
generates  Young's  fringes,  in  the  Fourier  plane  of  a  lens,  provided  that  the  particle 
images  correlate.  This  is  shown  schematically  in  Figure  2.  These  fringes  have  an 
orientation  which  is  perpendicular  to  the  direction  of  the  local  displacement  and  a 
spacing  inversely  proportional  to  the  displacement.  The  use  of  Young's  fringes 
eliminates  the  difficulties  of  finding  the  individual  image  pairs  in  the  photograph. 
The  basis  of  the  Young's  fringe  method  is  described  in  reference  3. 


3.  DIRECTION  SENSITIVITY  AND  DYNAMIC  RANGE 

The  photographic  recording  method  discussed  above  has  the  disadvantage  that  the 
photograph  consists  of  a  sequence  of  multiple  particle  images  which  have  a  180° 
ambiguity  in  the  direction  of  the  velocity  vector.  In  addition,  it  has  been  shown 
(reference  4)  that  the  velocity  dynamic  range  of  the  technique  is  limited  to  a  maximum 
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value  of  about  10.  Ir.  most  flows  of  interest  (e.g.  boundary  layers  and  separated 
flows),  this  dynamic  range  is  not  sufficient  to  capture  the  flow  field  in  its  entirety. 
These  limitations  are  critical  when  measuring  complex  flows  having  flow  reversals  and 
stagnation  areas. 

A  method  to  resolve  both  the  ambiguity  of  the  velocity  vector  as  well  as  to  im¬ 
prove  the  technique's  velocity  range  is  incorporated  in  this  experiment.  This  method, 
commonly  known  as  "velocity  bias  technique",  consists  of  recording  the  flow  field  in  a 
moving  reference  frame,  thus  superposing  a  known  velocity  bias  to  the  actual  flow 
velocity.  This  effect  may  be  accomplished  in  several  ways,  in  particular,  using  a 
moving  camera  during  the  photographic  recording  or  by  optical  means  using  scanning  or 
rotating  mirrors.  The  method  which  is  currently  employed  uses  a  scanning  mirror  to 

displace  the  image  during  the  exposure  with  a  predetermined  velocity.  A  schematic  of 
the  scanning  mirror  arrangement  is  shown  in  figure  3.  Consider  two  particle  pairs  A. B 
and  C.,0..  having  equal  displacements  in  opposite  directions  in  the  object  plane.  By 
introducing  a  mirror  placed  at  45°  between  the  camera  lens  and  the  object  plane,  the 
corresponding  displacements  appear  in  the  film  plane  as  AB  and  CD  with  equal 
magnitudes.  When  the  mirror  is  rotated  by  an  angle  of  A0  between  exposures,  the 
displacements  cor  responding  to  AQ  Bc  and  Cc appear  in  the  film  plane  as  AB1  and  CD: 
with  different  magnitudes.  The  correct  displacement  or  velocity  with  its  direction  can 
now  be  obtained  upon  removal  of  the  velocity  bias. 

4.  VALIDATION  OF  THE  TECHNIQUE 

4.1  Experimental  configuration 

The  capabilities  of  the  present  technique  are  evaluated  in  a  measurement  of  the 
transient  flow  over  a  NACA  0012  at  high  incidence,  and  the  near-wake  flow  development 
behind  a  circular  cylinder  impulsively  accelerated  to  constant  velocity.  Both  flows 
were  created  by  towing  models  in  the  reduced  scale  Fluid  Mechanics  Research  Laboratory 
towing  tank  facility.  The  tank  is  300  x  300  x  600mm.  A  detailed  examination  showed 
that  the  motion  of  the  carriage  is  smooth  and  vibration  free.  In  this  facility,  the 
towing  carriage  is  driven  by  a  variable  D.C.  motor,  and  the  towing  velocity  can  vary 
from  0  to  lOOmm/sec.  For  the  photography  a  35mm  camera  (NIKON  F-3)  is  used.  In  order 
to  photograph  the  flow  at  regular  time  intervals,  the  photographic  camera  is  equipped 
with  an  electric  winding  device.  The  photographic  time  interval  available  with  this 
camera  can  be  continuously  varied  up  to  a  maximum  of  6  frames  pec  second.  Two  options 
are  available  to  fix  the  camera;  one  by  attaching  it  to  the  towing  carriage,  which 
means  an  observation  point  fixed  in  relation  to  the  model,  and  the  other  by  attaching 
it  to  the  frame  of  the  water  tank,  which  means  an  observation  point  fixed  in  relation 


to  the  fluid. 


The  NACA  0012  airfoil  is  60mm  in  chord  and  at  30°  incidence;  the  circular  cylinder 
is  2S.4mra  in  diameter.  Both  models  were  towed  with  ~  velocity  of  23.5mm,  sec.  The 
fluid  used  in  these  experiments  was  water  seeded  with  4^m  metallic  coated  particles 
(TSI  model  10087).  The  corresponding  Reynolds  numbers  were  1100  for  the  airfoil  and 
550  for  the  cylinder.  These  flows  are  excellent  test  cases  because  they  include  large 
scale  vortical  motions  and  extreme  velocity  gradients.  These  extreme  gradients  serve 
as  a  test  to  the  technique's  capabilities  of  providing  information  over  a  large 
velocity  range. 

For  the  illumination,  a  laser  beam  from  a  5  watt  Argon-Ion  Laser  f Spectra-Physics 
model  2000)  is  steered  and  focused  to  a  diameter  of  .3mm  using  an  inverse  telescope 
lens  arrangement.  A  cylindrical  lens,  with  a  focal  length  of  -6.35mm,  is  used  to 
diverge  the  focused  beam  in  one  dimension,  creating  a  laser  sheet.  The  laser  sheet  is 
70mm  wide  and  illuminates  the  mid-span  section  of  the  models.  For  the  multiple 
exposure,  the  CW  laser  beam  is  modulated  using  a  Bragg  cell.  In  this  experiment,  the 
laser  power  density  of  the  sheet  was  0.27W/m?.  In  order  to  record  the  time  development 
of  the  flow  field,  the  camera  is  attached  to  the  towing  carriage.  The  aperture  of  the 
camera  lens  with  a  focal  length  of  50mm  and  a  spacer  of  12mm,  is  set  at  F#  5.6  and  the 
magnification  is  0.40.  The  film  used  in  these  experiments  was  a  Polaroid  Folagtaph 
with  a  sensitivity  of  400  ASA  and  a  resolution  of  about  80  lines/mm.  This  resolution 
proved  to  be  sufficient  to  accurately  record  the  flow  field.  The  advantages  in  the  use 
of  Polaroid  film  are  (i)  easy  and  fast  processing  of  the  film  (ii)  because  the 
Polaroid  Polagraph  is  a  positive  film  it  saves  the  need  for  contact  printing  of  film 
negatives,  prior  to  analysis,  in  order  to  increase  the  SNR  of  the  data  (ref.  1'. 

5 .  RESULTS 

5.1  Flow  past  the  NACA  0012  airfoil 

Figure  4(a)  is  a  multiple  exposed  photograph  of  the  flow  past  an  impulsively 
started  airfoil  captured  at  a  stage  of  its  development  corresponding  to  non-dimensional 
time  t*=»t^«l . 5,  with  t  the  time  from  start-up,  U  the  free  stream  velocity  and  c  the 
airfoil  chord.  This  figure  depicts  the  complexity  of  the  flow  field  which  exhibits 
large  areas  of  flow  reversal  and  stagnation  regions.  Analysis  of  this  film 
transparency  would  provide  the  velocity  vector  information  within  the  restriction 
mentioned  above,  i.e.,  with  an  1800  ambiguity  in  direction  of  the  velocity  vector  and 
regions  of  drop-out  where  the  flow  velocity  is  less  than  the  lower  velocity  range  limit 
of  the  technique.  Instead,  the  "velocity  bias  technique"  is  used  and  a  "biased"  image 
is  recorded  and  analyzed  (fig.  4(b)). 

The  velocity  data  is  acquired  in  a  square  mesh  by  digital  processing  of  the 
Young's  fringes,  produced  by  point-by-point  scanning  of  the  Polaroid  transparency.  The 
scanning  step  size  an  the  dimension  of  the  analyzing  beam  are  0.5mm,  which  corresponds 
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to  a  spatial  resolution  of  about  1.25mm  in  the  object  plane  or  about  ^  chord  of  the 
airfoil.  The  resulting  velocity  field  is  presented  in  figure  5(a).  The  actual 
velocity  field  in  the  reference  frame  of  the  airfoil  is  presented  in  figure  5(b).  This 
data  is  recovered  upon  removal  of  the  velocity  bias,  which  is,  for  this  particular 
experiment,  equal  to  2  times  the  free-stream  velocity. 


5.2  Near-wake  flow  behind  a  circular  cylinder 

Similarly  the  flow  behind  a  circular  cylinder  was  captured  at  several  stages  of 
its  development  corresponding  to  t*,  the  non-dimensional  time  based  on  the  cylinder 
diameter,  between  0.6  and  5.2.  Figures  6(a)  to  (f)  are  the  measured  velocity  fields, 
and  consist  of  a  good  representation  of  the  expected  flow  pattern.  In  these  figures, 
the  length  of  each  vector  is  proportional  to  the  local  velocity  at  that  point.  Because 
of  the  high  spatial  resolution  of  these  data,  vorticity  can  bv.  derived  by  taking 
spatial  derivatives.  Letting  each  grid  location  be  labeled  with  indices,  i,  j,  the  z- 
vorticity  component  at  location  (i,j)  is 

1  K-..,  -  V..i  , 

■  =  l  TSi  - - 

where  Ax  and  Ay  are  the  mesh  intervals  in  the  streamvise  and  cross-stream  lire:',  it,, 
respectively.  For  convenience,  the  vorticity  data  normalized  with  iespect  to  the  ti*?e 
stream  velocity  and  cylinder  diameter,  ir  displayed  ./  -..lot  ceding  ;  f  each  velocity 
vector.  The  color  code  represents  the  vorticity  level,  the  magnitude  of  which  is  jiven 
by  the  color  bar  on  the  top  of  each  figure.  The  red  and  blue  colors  represent  t  tie  peak 
positive  and  negative  vorticity  regions  respectively. 

6.  CONCLUSIONS 


A  recently  developed 

ve 1 oc i ty 

measu  r  ement 

technique,  known 

as  Particle 

I  mage 

D  i  spl acemen  t 

Velocimetry  has  been 

briefly  described, 

Using 

this 

technique 

rather 

complex  time 

varying  flow 

fields  can 

be  captured 

and 

ana  1 y zed 

w  1 1  h 

gieat  detail 

The 

potent i a  1  of 

the  technique 

is  illustrated  using 

two 

f 1 ow  fie 

Lis  as 

test  cases 

:  Flew 

past  an  airfoil  and  behind  a  circular  cylinder. 


The  technique  has  been  shown  to  provide  boch  flow  visualization  and  quantitati 
measurements,  which  include  velocity  and  vorticity  fields. 
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‘  ABSTRACT 


Wind  tunnels  and  flumes  have  become  standard  laboratory  tools  for  modeling  a  variety 
of  aerodynamic  and  hydrodynamic  flow  problems.  Less  available,  although  by  no  means 
’  less  useful,  are  facilities  in  which  a  model  can  be  towed  (or  propelled)  through  air  or 

l  water.  This  article  emphasizes  the  use  of  the  water  towing  tank  as  an  experimental  tool 

for  aerodynamic  and  hydrodynamic  studies.  Its  advantages  and  disadvantages  over  other 
flow  rigs  are  4iscussed,  and  its  usefulness  is  illustrated  through  many  examples  of 
research  results  obtained  over  the  past  few  years  in  a  typical  towing  tank  facility. 


1.  INTRODUCTION 

Fluid  mechanics  plays  an  important  role  in  a  variety  of  natural  and  technological 
phenomena.  It  is  usually  possible  to  formulate  a  mathematical  model  to  describe  a 
’  particular  flow  field.  However,  in  most  cases,  the  resulting  partial  differential 

*  equations  are  nonlinear,  and  an  exact  solution  can  only  be  derived  if  some  of  the  terms 

,  in  the  equations  can  be  neglected  or  approximated.  Accordingly,  fluid  mechanics 

researchers  rely  heavily  on  experimental  and  numerical  simulations.  Wind  tunnels  and 
flumes  are  commonly  used  for  controlled  experimental  studies  to  understand  the  physics 
of  a  particular  flow  field  or  to  obtain  data  necessary  for  designing  or  improving  a 
given  product.  Less  common,  but  by  no  means  less  useful,  are  facilities  in  which  an 

*  object  can  be  towed  (or  propelled)  through  air  or  water.  This  article  emphasizes  the 

use  of  the  water  towing  tank  as  an  experimental  tool  for  aerodynamic  and  hydrodynamic 
studies.  Its  advantages  and  disadvantages  over  other  flow  rigs  are  discussed,  and  its 
usefulness  is  illustrated  through  many  examples  of  research  results  obtained  over  the 
past  few  years  in  a  typical  towing  tank  facility. 

This  paper  is  divided  into  six  sections.  In  Section  2,  a  comparison  is  made 
between  towing  tanks  and  wind  or  water  tunnels.  The  particular  facility  used  to 
generate  many  of  the  results  discussed  in  this  article  is  described  in  Section  3. 
Available  flow  visualization  and  probe  measurement  techniques  commonly  used  in  water 
towing  tanks  are  discussed  in  Section  4.  Section  5  contains  examples  of  the  use  of  a 
typical  towing  tank  facility,  described  in  Section  3,  to  conduct  basic  research  in  the 
areas  of  stratified  flows,  boundary  layers,  compliant  coatings,  flow  control,  and  steady 
and  unsteady  aerodynamics.  Brief  summary  is  given  in  Section  6. 


2.  WHY  USE  A  TOWING  TANK? 

Whirling  arms  and  railways  have  occasionally  been  used  to  propel  an  object  through 
the  air.  For  example,  the  United  States  Air  Force  operates  an  11-km  track  for  rocket 
testing.  Water  towing  tanks  are  a  little  more  commonly  used  for  investigating  aero¬ 
dynamic  and  hydrodynamic  flow  problems.  An  object  and  the  accompanying  probes  are  towed 
(or  propelled)  through  a  large,  stagnant  body  of  water  at  a  controlled  speed.  The 
probes  can  be  towed  independently  from  the  object,  if  desired,  and  both  speeds  can  be 
functions  of  time. 

One  advantage  of  using  a  towing  tank  rather  than  a  wind  or  water  tunnel  is  the  fact 
that  moving  a  model  through  a  fluid  requires  much  less  power  than  driving  a  large  volume 
of  fluid  past  a  stationary  object.  Another  important  advantage  of  a  water  tank  is  the 
ability  to  accomplish  density  stratification  by  heating  or  cooling  the  water  or  by  the 
use  of  salt  water.  With  care  and  using  a  proper  filling  system,  essentially  any  desired, 
fairly  arbitrary,  stable  density  profile  can  easily  be  made  in  the  towing  tank.  In 
contrast,  extreme  difficulties  are  encountered  in  designing  and  operating  wind  or  water 
tunnels  with  the  capability  to  be  stratified  sufficiently  to  produce  substantial  buoyancy 
forces  that  can  compete  with  the  inertial  and  viscous  forces  (Sirivat  and  Warhaft,  1983; 
Itsweire  et  al.,  1986).  * 

Other  advantages  of  a  water  towing  tank  include  the  ability  to  use  unique  flow 
visualization  techniques  that  are  not  possible  in  other  test  rigs,  the  ability  to  study 
accelerating  or  decelerating  flows  with  relative  ease,  and  the  negligible  background 
motion  in  the  stagnant  body  of  water.  Some  of  these  flow  visualization  techniques  appli¬ 
cable  in  towing  tanks  are  discussed  in  Section  4.  The  second  point  regarding  unsteady 
towing  can  be  appreciated  by  considering  the  difficulties  of  designing  and  operating  a 
wind  or  a  water  tunnel  with  a  time-dependent  freestream  velocity  (Koromilas  and  Telionis, 
1980;  Reynolds  et  al.,  1983),  For  a  typical  towing  tank,  on  the  other  hand,  one  merely 
has  to  change  the  speed  of  an  electric  motor.  Even  more  notably,  a  new  water  tank  at  the 
California  Institute  of  Technology  has  a  computer-controlled  carriage  that  can  move  in 
two  directions  much  the  same  as  an  ordinary  X-Y  plotter;  thus,  it  is  capable  of  achieving 
towing  trajectories  of  arbitrary  form  and  speed  and  simulating,  for  example,  a  manu- 
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evering  aircraft-  Such  motions  are  obviously  not  possible  in  a  wind  tunnel  or  a  flume. 
Note  also  that  a  body  accelerating  in  a  still  fluid  is  not,  in  general,  equivalent  to  an 
accelerating  fluid  past  a  stationary  object.  The  last  point  regarding  the  negligible 
background  motion  is  of  extreme  importance  in  studying  stability  or  transition  problems 
where  the  results  are  sensitive  to  the  background  turbulence.  The  difficulties  of 
designing  a  water  tunnel  with  low  background  noise  are  well  known. 

Among  the  drawbacks  of  using  a  towing  tank  is  the  inevitable  carriage  vibration  and 
the  limited  running  time  associated  with  the  finite  length  of  the  channel.  Carriage 
vibration  can  be  greatly  reduced  by  the  proper  design  of  the  towing  and  support  systems. 
The  towing  tank  described  in  Section  3  uses  a  carriage  that  rides  on  a  continuously 
supplied  film  of  oil  to  minimize  vibration.  To  overcome  the  limited  running  time, 
sophisticated  data  acquisition  systems  and  multichannel  probes  are  usually  part  of  a 
towing  tank  operation  so  that  large  amounts  of  data  can  be  taken  during  a  single  run. 


3.  DESCRIPTION  OF  A  TYPICAL  FACILITY 


The  world's  largest  high-speed  water  towing  tank  facility  i6  the  David  W.  Taylor 
Model  Basin  located  at  the  Naval  Ship  Research  and  Development  Center  in  Bethesda, 
Maryland.  Its  0.9-km  track  has  to  be  adjusted  to  account  for  the  Earth's  curvature.' 
Other,  albeit  smaller,  water  tanks  include  the  ones  operated  by  the  Naval  Research 
Laboratory,  the  Environmental  Protection  Agency,  NASA-Langley ,  the  University  of 
Tel-Aviv,  the  National  Maritime  Institute,  Massachusetts  Institute  of  Technology,  and 
Flow  Research  Company.  This  latter  towing  tank  facility  is  briefly  described  in  this 
section.  More  complete  information  regarding  the  design  and  construction  of  Flow 
Research's  towing  tank  is  available  in  the  article  by  Pao  et  al.  (1971). 

3. 1  The  Towing  Tank 

This  water  channel,  shown  in  Figure  1,  is  18-m  long,  1.2-m  wide  and  0.9-m  deep.  It 
is  supported  by  a  steel  main  frame  and  constructed  of  two  9-m  lattice  truss  units  bolted 
together.  The  main  frame  is  supported  by  four  screw  jacks  and  can  be  tilted  and  leveled. 
The  jacks  are  in  turn  supported  on  specially  designed  rubber  pads  to  minimize  vibrations 
transmitted  from  external  sources  through  the  laboratory  floor.  The  maximum  deflection 
allowed  in  the  center  span  between  the  jacks  is  less  than  0.25  mm.  This  feature  is 
essential  for  smooth  operation  of  the  oil-lubricated  carriage,  whose  tracks  are  supported 
by  the  main  frame. 


Figure  1 .  The  Flow  Research  18-m  Towing  Tank 

Flow  visualization  can  be  made  from  the  top,  sides,  bottom  and  end  of  the  tank.  The 
side  and  bottom  walls  are  made  of  optical  quality,  19-mm-thick  plate  glass,  and  the  end 
walls  are  made  of  thicker,  38-mm-thick,  Plexiglas.  The  towing  *ank  has  two  3-m-long  test 
sections  and  eight  1.5-m-long  sections.  All  the  glass  plates  are  cushioned  against  the 
steel  frame  with  6-mm-thick  rubber  strips  and  with  patty-type  Flexane  to  provide  uniform 
load  support  along  the  edges  of  the  plates. 

3.2  Filling  System 

As  mentioned  in  Section  2,  one  of  the  primary  reasons  for  building  a  water  towing 


24-3 


channel  is  the  ability  to  accomplish  density  stratification  by  heating  or  cooling  the 
water  or  by  the  use  of  salt  water.  In  contrast  to  a  wind  tunnel  or  a  flume,  a  towing 
tank  can  easily  be  stratified  to  essentially  any  desired,  fairly  arbitrary,  stable 
density  profile. 

For  the  present  tank,  water  with  a  given  salinity  and  temperature  is  used  as  the 
working  fluid  and  is  fed  from  the  tank's  bottom,  layer  by  layer,  with  increasing  specific 
gravity.  The  filling  system  consists  of  three  3785-liter  fiberglass  storage  tanks,  two 
570-liter  polyethylene  constant-head  tanks,  two  0.75-hp  pumps,  a  gas  water  heater,  and 
two  18-m-long  stainless-steal  feed  channels  resting  on  the  floor  of  the  towing  tank. 

The  towing  tank  itself  has  a  capacity  of  about  19,000  liters. 

Two  of  the  storage  tanks  are  used  to  prepare  a  concentrated  brine  solution,  and  the 
third  tank  is  filled  with  fresh  water.  The  saline  solution  and  the  fresh  water  are  then 
pumped  separately  to  the  two  constant-head  tanks.  A  mixing  valve  accurately  regulates, 
by  the  adjustment  of  a  loading  spring,  the  flow  rate  from  the  two  constant-head  tanks  to 
achieve  a  constant  flow  rate  of  water  of  a  given  salt  concentration  or  a  prescribed 
specific  gravity.  The  displacement  of  the  loading  spring  is  set  with  a  dial  that  has 
a  resolution  of  25  microns,  and  the  mixing  valve  can  either  be  operated  manually  or 
driven  by  a  computer-controlled  stepping  motor.  The  mixture  is  then  passed  through  a 
thermostat-regulated  water  heater  for  controlling  its  temperature  before  being  fed  to 
the  bottom  of  the  towing  tank.  The  body  of  water  in  the  tank  is  displaced  upwards,  and 
two  overflow  standpipes  are  used  to  discharge  the  excess  fluid. 

With  the  arrangement  described  above,  a  predetermined  density  strat if icat ion  can 
readily  be  obtained  by  varying  the  thermostat  setting  and/or  the  (calibrated)  dial 
setting  of  the  mixing  valve.  The  density  gradient  in  the  tank  can  be  controlled  by 
changing  the  water's  temperature,  salt  concentration  or  both.  This  latter  capability 
allows  the  study  of  double-diffusion  problems,  in  which  gradients  of  two  properties 
exist  with  different  molecular  dif fusivities .  When  temperature  stratification  is  not 
needed,  the  water  temperature  is  matched  to  that  of  the  room,  allowing  accurate  velocity 
measurements  with  hot-film  probes  operating  at  low  overheat  ratios  (see  Section  4.1). 


3.3  Towing  System 

The  towing  system  consists  oi  five  3-mm-diameter  stainless-steel  cables,  11  driving 
pulleys  of  different  diameters,  a  series  of  following  pulleys,  two  1.5-hp  dc  motors 
(Boston  Gear)  with  Ratiotrol  speed  control,  and  two  5-hp  ac  induction  motors  (Mitsubishi) 
with  a  Transistor  Inverter  (Marathon  Electronics)  for  accurate  speed  control.  Each  of 
the  motor  pairs  is  used  to  drive,  through  a  reduction  gear,  two  independent  carriages, 
one  for  the  model  and  the  second  for  the  accompanying  probes.  If  desired,  both  the  model 
and  the  probe's  strut  can  be  attached  to  the  same  carriage.  The  dc  motors  are  used  for 
low  to  moderate  speeds  (1  to  100  cm/s),  while  the  more  powerful  5-hp  motors  are  used  for 
speeds  up  to  3  m/ s  and  acceleration/deceleration  rates  up  to  6  m/s^.  Both  speed  control 
systems  are  capable  of  regulating  the  carriage  speed  within  an  accuracy  of  0.1  percent. 

The  towing  cables  form  closed  loops  and  are  supported  by  pulleys  mounted  on  two 
frames,  one  at  each  end  of  the  tank.  Proper  tension  is  applied  to  each  towing  cable 
using  a  threaded  rod  and  a  phenolic  pulley  on  a  take-up  channel.  To  isolate  the  towing 
tank  from  vibrations  due  to  the  motor,  the  racks  to  support  the  driving  shaft  and  the 
motor  rest  on  the  floor  and  the  tank  is  properly  isolated  from  the  floor  as  mentioned 
earlier. 


3.4  Oil -Lubricated  Carriage 

Two  oil-lubricated  carriages  are  used  to  transport  independently  the  model  to  be 
tested  and  the  accompanying  instruments  and  sensing  probes.  This  feature  allows  wake 
measurements  at  varying  distances  from  a  body  including  the  very  far  wake.  The  instru¬ 
mentation  carriage  also  provides  a  traversing  mechanism  that  can  position  a  probe  strut 
laterally  and  vertically  with  an  accuracy  of  0.25  mm.  A  finer  traverse  with  r *  resolu¬ 
tion  of  0.02  mm  is  also  available  for  boundary  layer  measurements. 

Two  18-m-long  oil- lubricated  tracks  are  mounted  on  top  of  the  towing  tank;  one  track 
is  round  and  the  other  is  flat.  Each  carriage  has  two  round  shoes  and  two  flat  shoes 
that  ride  on  the  corresponding  track,  supported  by  the  pressure  of  oil  that  is  contin¬ 
uously  pumped  from  a  reservoir  through  a  supply  line  towed  with  the  carriage.  The  oil 
is  then  collected  into  a  gutter  for  recirculation  and  filtering.  The  surfaces  of  both 
tracks  are  carefully  smoothed,  and  irregularities  in  the  tracks  are  adjusted  using  fine 
screws  on  their  support  rods  to  less  than  0,25  mm  in  height.  This  together  with  the 
oil-lubricated  system  ensures  smooth,  vibrationless  operation. 

The  present  oil-lubricated  system  has  a  carriage  noise  level  far  less  than  that  of 
any  other  existing  towing  tank.  The  total  noise  level  (root-mean  square)  as  measured  by 
a  hot-film  probe  towed  in  the  tank  is  less  than  0.1  percent  of  the  towing  speed.  This 
includes  effects  due  to  the  electronic  noise  of  the  anemometer,  residual  motion  and  tem¬ 
perature  fluctuations  in  the  water,  possible  motor  speed  variations,  vibration  in  the 
probe  support  induced  by  the  flow  around  the  strut,  and  finally  carriage  speed  varia¬ 
tions  due  to  irregularities  in  the  track.  For  towing  tanks  that  use  bearing-  or 
wheel-supported  carriages,  the  corresponding  noise  level  is  typically  1  percent  of  the 
towing  speed. 
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3.5  Scaling  Lavs 

Accurate  simulation  of  field  conditions  in  a  laboratory  study  requires  that  the 
values  of  a  number  of  dimensionless  parameters  attained  in  the  field  be  matched  in  the 
laboratory.  These  dimensionless  parameters  must  express  the  geometric,  kinematic  and 
dynamic  similarities  of  the  laboratory  modeling  with  the  field.  It  is  generally  not 
difficult  to  scale  down  (or  up)  all  geometric  objects  and  all  velocities  from  the  field 
case  to  the  laboratory  case,  thus  satisfying  both  geometric  and  kinematic  similarities. 
Dynamic  similarity  means  matching  the  ratios  of  a  number  of  forces,  such  as  buoyancy, 
inertia,  viscosity,  and  surface  tension.  Typical  dimensionless  ratios  of  these  forces 
are  the  Reynolds  number,  Mach  number,  Froude  (or  Richardson)  number,  Rossby  number,  etc. 
Some  of  these  numbers  can  be  matched  in  most  towing  tank  facilities,  while  others  are 
more  difficult  to  scale  proportionally  from  the  field  to  the  laboratory.  For  example, 
in  simulating  the  wake  of  an  underwater  vehicle  moving  in  the  ocean,  the  Froude  number 
can  be  matched  in  a  typical  low-speed  towing  tank  although  the  field  Reynolds  number  is 
too  high  to  match.  It  is  often  argued,  however,  that,  for  unbounded  turbulent  flows,  if 
the  Reynolds  number  is  high  enough,  then  the  large-scale  features  of  the  flow  will  be 
independent  of  the  Reynolds  number  (Townsend,  1976).  This  conjecture  must  be  supported 
by  field  or  laboratory  data  for  the  particular  problem  under  consideration.  This  point 
will  be  discussed  further  in  the  specific  research  examples  given  in  Section  5. 


4.  MEASUREMENT  TECHNIQUES 
4.1  Probe  Measurements 


With  few  exceptions,  the  instrumentation  used  in  a  towing  tank  is  identical  to  that 
used  in  a  water  tunnel.  For  mean  and  fluctuating  velocities,  measurements  can  be  made 
with  Pitot  tubes,  hot-film  probes,  laser  Doppler  velocimeters ,  vortex-shedding  anemo¬ 
meters,  etc*  If  stratification  is  involved,  temperature  and  salinity  fluctuations  are 
also  measured.  To  overcome  the  finite  run  time  in  a  typical  towing  tank,  however, 
multichannel  probes  are  usually  used. 

When  a  hot-film  anemometer  is  used,  care  must  be  taken  to  keep  the  water  free  of 
dirt,  bubbles  and  other  contamination.  Low  overheat  ratios  are  used  to  prevent  boiling 
and  bubble  formation.  Accordingly,  the  hot-film  gauge  is  sensitive  to  both  velocity  and 
temperature  fluctuations.  Extreme  care  is  required,  therefore,  to  control  the  water 
temperature.  If  the  fluid  in  the  tank  is  kept  at  constant  room  temperature,  heat 
transfer  to  or  from  the  ambient  air  is  minimized.  In  cases  where  stratification  is 
accomplished  by  heating  or  cooling  the  water,  temperature  fluctuations  are  unavoidable, 
and  two  independent  measurements  of  velocity  and  temperature  must  be  made  to  separate 
their  variations. 

If  a  laser  Doppler  velocimeter  is  towed  with  the  model,  special  optics  are  required 
to  compensate  for  the  inevitable  vibrations  in  the  system.  The  velocimeter  can,  however, 
be  fixed  in  the  laboratory  frame  while  the  model  is  towed  to  obtain,  for  example,  wake 
data  at  increasing  distances  from  the  body.  The  experiment  can  then  be  repeated  several 
times/and  the  velocity  data  ensemble-averaged  to  obtain  meaningful  statistics  at  each 
point  behind  the  body. 

Fast-response  thermistors  and  conductivity  gauges  can  be  used  to  measure  the  instan¬ 
taneous  temperature  and  density,  respectively.  Common  problems  with  these  probes 
include  Insufficient  spatial  and  temporal  resolutions  and  drift  with  time.  Care  in 
selecting  the  probes  and  conducting  the  experiments  alleviates  much  of  the  shortcomings 
of  such  measurements. 

Internal  waves  are  generated  when  a  stably  stratified  medium  is  disturbed  in  any 
way.  In  a  towing  tank  and  in  the  absence  of  turbulent  motion,  the  vertical  displace¬ 
ments  associated  with  these  waves  can  be  measured  using  either  a  conductivity  probe  or 
a  laser  displacement  gauge  (Liu  and  Lin,  1982).  In  the  former  technique,  the  known  mean 
density  profile  in  the  tank  is  used  to  obtain  the  displacement  from  the  local  changes  in 
density  as  measured  by  the  conductivity  probe.  The  laser  displacement  gauge  measures 
the  displacement  of  an  optical  interface,  created  by  a  horizontal  layer  of  fluores¬ 
cent  dye  and  a  vertical  laser  beam,  using  an  electronically  self-scanning  array  of 
photodiodes • 

The  tank  length  and  the  desired  towing  speed  limit  the  running  time  per  experiment. 
Accordingly,  sophisticated  data  acquisition  systems  are  usually  a' part  of  a  towing  tank 
operation.  The  idea  is  to  collect  large  amounts  of  data  with  many  probes  during  each 
run  to  reduce  the  total  number  of  runs  necessary.  The  limited  run  time  should  also  be 
taken  into  account  when  higher-order  moments  are  to  be  extracted  from  random  signals 
such  as  turbulent  velocity  fluctuations.  If  the  averaging  time  is  insufficient  for  a 
statistical  quantity  to  converge,  ensemble-averaging  of  several  runs  should  again  be 
invoked. 

4.2  Visualization  Techniques 

Water  towing  tanks  are  perhaps  the  best  facility  for  conducting  flow  visualization 
studies.  All  the  classical  dye  or  particle  tracer  techniques  can  be  used  without 
recirculation  problems  and  with  the  additional  advantage  of  an  extremely  quiet  back¬ 
ground.  In  addition,  the  capability  of  stratification  allows  the  use  of  flow  visualiza¬ 
tion  techniques  that  are  based  on  index  of  refraction  changes,  such  a6  shadowgraph  or 
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schl ieren  methods.  Moreover,  some  techniques.  such  as  the  dy^-layer  method,  are  unique 
to  towing  tank  operations. 

Many  of  the  flow  visualization  techniques  that  can  be  used  in  towing  tanks  or  water 
tunnels  have  been  described  in  the  books  by  Merzkirch  (1974)  and  Goldstein  (1983)  and 
the  article  by  Gad-el-Hak  (1986a).  Spherical  or  disk-shaped  particles  can  be  introduced 
into  the  flow  to  mark  its  motion.  Both  qualitative  and  quantitative  data  can  be  obtained 
by  using  hydrogen  bubbles,  neutrally  buoyant  oil  or  wax  particles,  or  titanium-dioxide- 
coated  mica  particles.  This  latter  technique  allows  a  more  dynamic  visualization  of  the 
flow,  since  the  disk-shaped  particles  are  oriented  in  a  systematic  way  by  the  three- 
dimensional  rate-of-strain  field  in  the  fluid. 

Both  food-coloring  and  fluorescent  dyes  can  be  used  with  either  floodlight  or  laser- 
sheet  illumination.  The  combination  of  fluorescent  dye  and  laser  light  sheet  allows  the 
viewing  of  the  interior  of  the  flow  region,  in  contrast  to  the  "skin”  as  viewed  with 
conventional  dye  techniques.  The  dyes  are  introduced  to  the  flow  through  slots  and  holes 
machined  into  a  model.  Dye  can  also  be  released  uniformly  from  a  towed  model  by  covering 
its  entire  surface  with  a  thin,  porous  cloth  saturated  with  dry  dye  crystals  (Ged-el-Hak 
and  Ho,  1986a).  A  comparative  analysis  of  the  visualization  techniques  using  floodlight/ 
conventional  dyes,  laser/fluorescent  dyes  or  disk-shaped  particles  has  been  presented  by 
Gad-el-Hak  et  al.  (1985). 

The  dye-layer  technique  (Gad-el-Hak,  1986b)  utilizes  layers  of  fluorescent  dye  placed 
into  a  slightly  stratified  tank  prior  to  towing  a  model.  The  stable  density  gradient  in 
the  tank  inhibits  vertical  mixing,  and  the  layers  of  dye  remain  thin.  Sheets  of  laser 
light  are  projected  in  the  desired  plane  to  excite  the  dye,  thus  marking  both  the  rota¬ 
tional  and  the  irrotational  flow  regions  around  a  body. 


5.  TYPICAL  RESEARCH  RESULTS 


3. 1  Flow  in  Stratified  Media 

As  mentioned  earlier,  towing  tanks  have  an  advantage  over  both  wind  and  water 
tunnels  in  the  ease  of  generating  any  desired,  faiily  arbitrary,  stable  density  pro¬ 
file.  Numerous  studies  have  been  conducted  in  towing  tanks  around  the  world  to  study 
different  buoyancy  effects  in  fluids  and  to  simulate  a  variety  of  natural  and  man-made 
flow  fields  occurring  in  the  ocean  or  the  atmosphere  (see,  for  example,  the  book  by 
Turner,  1973,  and  the  review  articles  by  Yih,  1969,  Long,  1972,  Maxworthy  and  Browand , 
1974,  Lin  and  Pao,  1979,  and  Snyder,  1985). 

Towing  tanks  can  be  used  to  model  the  behavior  of  stack  plumes  and  their  impact  on 
air  quality  (Riley  and  Delisi,  1976).  Snyder  (1985)  reports  on  several  towing  tank 
experiments  to  study  the  effects  of  stratification  on  plume  behavior  in  complex  terrain. 
He  states  that  the  rv  ude  number  is  quite  likely  the  most  important  single  parameter  to 
be  matched  when  simulating  strongly  stable  flow  and  diffusion  in  complex  terrain.  In 
the  facility  described  in  Section  3,  Liu  (1985)  simulated  plume  dispersion  in  flat  and 
rugged  terrain  under  neutral  and  stable  atmospheric  conditions.  Excellent  agreement 
between  simulated  and  full-scale  plumes  was  demonstrated  using  dye  visualization  tech¬ 
niques.  Liu  also  conducted  detailed  conductivity-probe  measurements  at  discrete  points 
to  complement  the  overall  flow  patterns  gleaned  from  the  visualization  pictures. 

Lin  and  Pao  (1979)  reviewed  research  concerning  wakes  generated  by  moving  grids  and 
two-  and  three-dimensional  bodies  in  stratified  fluids.  They  reported  on  several  experi¬ 
ments  conducted  in  the  18-m  towing  tank  (Section  3)  to  study  the  effects  of  stratifica¬ 
tion  on  vortex  generation,  the  blocking  phenomenon  (upstream  wake)  and  wake  collapse. 

In  a  stratified  medium,  the  wake  of  a  three-dimensional  body  does  not  grow  indefinitely. 
Rather,  the  vertical  wake  height  reaches  its  maximum  at  about  0.3  times  the  Brunt-Vaisala 
period  after  passage  of  the  body's  stern,  and  then  a  substantial  vertical  wake  collapse 
occurs.  At  a  later  time,  the  wake  meanders  and  horizontal  vortices  are  formed  as  shown 
in  Figure  2.  Lin  and  Pao  (1979)  provide  a  possible  explanation  for  the  mechanisms 
responsible  for  wake  evolution  in  a  stratified  medium. 


FLOW  0 


Figure  2.  Horizontal  Vortices  in  a  Stratified  Flow 
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5.2  Boundary  Layer  Research 

The  quiet  background  of  a  towing  tank  makes  it  an  ideal  test  facility  for  studying 
laminar,  transitional  and  turbulent  boundary  layers.  Viell-controlled  experiments  have 
been  conducted  in  the  present  tank  by  towing  a  nominally  zero-pressure-gradient  flat 
plate.  Gad-el-Hak  et  al.  (1981)  investigated  the  growth  of  turbulent  regions  in  a 
laminar  boundary  layer.  They  argued  convincingly  that  turbulent  spots,  initiated  using 
a  small  buff  from  a  hole  on  the  plate,  and  turbulent  wedges,  which  form  behind  a  rough¬ 
ness  element  on  the  plate,  grow  in  the  lateral  direction  mostly  by  destabilizing  the 
surrounding  laminar  flow  rather  than  by  the  classical  entrainment  of  irrotational  fluid. 
Gad-el-Hak  et  al.  (1981)  also  investigated  the  effects  of  stratification  and  drag- 
reducing  polymers  on  the  growth  of  turbulent  spots.  A  top  view  of  a  typical  turbulent 
spot,  visualized  using  the  laser/f luorescent  dye  technique,  is  shown  in  Figure  3.  The 
dynamics  within  the  spot  appear  to  be  controlled  by  many  individual  eddies,  similar  to 
those  within  a  turbulent  boundary  layer.  No  evidence  of  one  or  two  prominent  vortical 
structures,  as  shown  from  the  ensemble-averaged  results  obtained  by  Wygnanski  et  al. 
(1976)  and  Cantwell  et  al.  (1978),  could  be  found  in  any  single  turbulent  spot  realiza¬ 
tion  (Riley  and  Gad-el-Hak,  1985). 

The  stability  of  a  decelerating  laminar  boundary  layer  was  investigated  experi¬ 
mentally  and  numerically  by  Gad-el-Hak  et  al.  (1984a).  A  flat  plate  having  a  Blasius 
boundary  layer  was  decelerated  uniformly  in  the  towing  tank,  and  the  resulting  well- 
defined  route  to  turbulence  was  documented  using  visualization  and  hot-film  probe 
measurements.  First,  the  boundary  layer  became  unstable  to  two-dimensional  waves, 
which,  due  to  the  inflectional  character  of  the  velocity  profile  associated  with  the 
decelerating  plate,  have  substantially  larger  growth  rates  than  their  Tollmien- 
Schlichting  counterparts.  Second,  the  two-dimensional  waves  were  themselves  unstable 
and  developed  a  regular  spanwise  modulation.  This  in  turn  led  to  thr  formation  of 
hairpin  vortices  that  lifted  away  from  the  wall,  stretched  and  burst  into  turbulence. 
Figure  4,  taken  from  Gad-el-Hak  et  al.  (1984a),  shows  the  typical  sequence  of  transition 
events  in  a  decelerating  laminar  boundary  layer. 

5.3  Compliant  Coatings 

A  special  class  of  boundary  layers  is  that  where  the  wall  is  not  rigid  but  rather 
soft  enough  to  respond  to  the  pressure  and  viscous  forces  imposed  by  the  fluid.  The 
motion  of  such  a  compliant  surface  can  in  turn  result  in  significant  changes  in  the 
basic  flow  properties.  Compliant  wall  research  apparently  originated  from  consideration 
of  the  low  drag  characteristics  exhibited  by  dolphin  skin  and  the  desire  to  produce 
artificially  a  drag-reducing  coating  for  man-made  vehicles  (Bushnell  et  al.,  1977; 
Gad-el-Hak,  1986c;  Metcalfe  et  al.,  1988). 

Several  experiments  have  been  conducted  in  the  18-m  towing  tank  to  investigate  the 
interactions  of  elastic  and  viscoelastic  compliant  coatings  with  laminar,  transitional 
and  turbulent  boundary  layers  (Gad-el-Hak  et  al.,  1984b;  Gad-el-IIak,  1986d;  1987).  It 
was  found  that  at  sufficiently  high  speed,  the  compliant  surface  becomes  unstable,  and 
waves  appear  at  the  solid/fluid  interface.  The  wave  characteristics  were  measured  from 
visual  observations  and  also  from  the  digital  output  of  the  laser  displacement  gauge 
(Liu  and  Lin,  1982).  The  waves  forming  on  an  elastic  surface  were  found  to  be  symmetric 
and  to  have  a  relatively  high  phase  speed  and  small  wavelength.  In  contrast,  waves 
forming  on  a  viscoelastic  surface,  s tatic-divergence  waves,  were  observed  to  be  slow  and 
highly  nonlinear. 

Either  a  turbulent  boundary  layer,  a  turbulent  wedge  or  a  turbulent  spot  can  trigger 
the  hydroelastic  instabilities  described  above.  No  instabilities  are  observed,  however, 
when  the  boundary  layer  is  laminar,  even  at  freestream  speeds  of  over  twice  the  corres¬ 
ponding  onset  velocity  for  the  turbulent  case.  This  is  shown  convincingly  in  the  photo¬ 
graph  in  Figure  5.  In  that  experiment,  a  turbulent  wedge  was  formed  in  an  otherwise 
laminar  boundary  layer  by  placing  a  single  roughness  element  on  the  surface  of  the 
plate.  Static-divergence  waves  are  readily  apparent  in  the  viscoelastic  surface  under 
the  turbulent  wedge  but  not  under  the  surrounding  laminar  region. 

5.4  Flow  Control 

A  sizable  amount  of  energy  is  expended  in  overcoming  the  viscous  drag  due  to  the 
motion  of  a  vehicle  in  a  fluid  medium.  To  reduce  fuel  consumption  or  to  achieve  higher 
speeds  for  a  given  power  plant,  skin  friction  drag  must  be  reduced.  This  can  be  achieved 
by  either  delaying  transition  (laminar  flow  control)  or  controlling  the  turbulent  boun¬ 
dary  layer.  Laminar  flow  control  methods  include  the  use  of  suction  or  surface  heating 
(for  vehicles  moving  in  water).  Among  the  methods  that  are  currently  considered  for 
turbulent  skin  friction  reduction  are  compliant  coatings,  large-eddy  breakup  devices, 
streamwise  grooves,  polymer  injection,  and  suction/injection  techniques. 

In  the  present  towing  tank,  several  flow  control  experiments  have  been  conducted  to 
investigate  a  variety  of  drag-reducing  methods.  The  use  of  compliant  coatings  was 
described  above.  Another  experiment  involved  the  artificial  generation  of  bursting 
events  in  a  turbulent  boundary  layer  (Gad-el-Hak  and  Hussain,  1986).  Bursts  were 
generated  using  either  a  sudden  suction  pulse  from  two  minute  holes  separated  in  the 
spanwise  direction  or  by  pitching  a  miniature  delta  wing  that  was  flush-mounted  to  the 
wall.  Either  of  these  two  actions  generates  a  hairpin-like  vortex  and  a  low-speed 
streak  that  resemble  naturally  occurring  structures.  The  resulting  sequence  of  events 
that  occurs  at  a  given  location  can  be  uniquely  controlled,  thus  allowing  detailed 
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Figure  3.  Turbulent  Spot  in  a  Laminar  Boundary 
Layer  (from  Gad-el-Hak  at  al..  1981) 


Figure  4.  T ransition  Events  in  e  Decelerating 
Laminar  Flow 

(from  Gad-el-Hak  et  al..  1984a) 
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Figure  S.  Static-Divergence  Waves 

(from  Gad-el-Hak  et  at..  1984b) 
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a.  Top  View 


b.  End  View 


Figure  8.  Discrete  Vortices  Shed  from  the  Leading  Edge  of  a  Delta  Wing 
(from  Gad-el-Hak  and  Blackwelder,  1988) 
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examination  through  the  use  of  phase- locked  measurements. 

Another  flow  control  technique  currently  under  consideration  combines  the  beneficial 
effects  of  a  longitudinally  ribbed  surface  and  suction  (Gad-el-Hak  and  Blackwelder, 
1987a).  The  sf.reamwise  grooves  act  as  a  nucleation  site  causing  the  focusing  of  low- 
speed  streaks  over  the  peaks.  Suction  is  then  applied  through  longitudinal  slots  located 
at  selected  locations  along  Hiese  peaks,  thus  minimizing  the  pumping  energy  requirements. 

Another  flow  control  method  currently  under  investigation  is  the  use  of  spanwise, 
intermittent  injection  to  generate  large-sea1.,  periodic  structures  in  a  turbulent  shear 
flow  (Gad-el-Hak  and  Blackwelder,  1987b).  Such  a  device,  while  not  necessarily  reducing 
the  viscous  drag,  is  being  considered  for  use  on  airborne  laser  platforms  to  reduce  or 
eliminate  optical  distortion  of  the  laser  beau  caused  by  turbulence  in  the  aircraft's 
boundary  layer. 


5  -  5  Steady  and  Unsteady  Aerodynamics* 

A  variety  of  steady  and  unsteady  aerodynamic  studies  have  been  conducted  in  the  18-m 
towing  tank  described  in  Section  3.  The  flow  over  a  delta  wing  in  steady  flight  has 
been  investigated  using  flow  visualization  and  fast-response  velocity  probe  measurements 
(Gad-el-Hak  and  Blackwelder,  1783).  Tt  was  found  that  the  classical  large  vortices  on 
delta  wings  originate  as  a  series  of  smaller  vortices  shed  from  the  leading  edge  of  the 
airfoil.  They  rotate  around  each  other  and  pair  to  form  larger  vortices  while  simul¬ 
taneously  moving  downstream.  Figure  6  shows  top  and  end  views  of  the  discrete  vortices. 
A  method  for  controlling  and  enhancing  these  discrete  vortices  and  the  pairing  process 
was  described  by  Gad-el-llak  and  Blackwelder  (1986).  The  technique  utilizes  subharmonic 
perturbations  from  a  leading  edge  slot. 

The  complex,  time -dependent  flow  fields  around  three-dimensional  lifting  surfaces 
undergoing  large-amplitude  pitching  harmonic  oscillations  have  also  been  investigated  in 
the  present  facility.  The  lifting  surfaces  considered  were  delta  wings  (Gad-el-Hak  and 
Ho,  1985),  slender  bodies  of  revolution  (Gad-el-Hak  and  Ho,  1986a),  and  swept  wings, 
including  those  with  zero  sweep  (Gad-el-Hak  and  Ho,  1986b).  An  example  of  the  results, 
taken  from  Gad-el-Hak  (1986b),  is  shown  in  Figure  7,  depicting  a  small-aspect-ratio 
rectangular  wing  undergoing  the  pitching  motion  a(t)°  =  15°  +  15°  sin(2nft)  at  three 
reduced  frequencies,  K  *  0.2,  1.0,  and  3.0.  The  unsteady  separation  phenomena 
associated  with  these  lifting  surfaces  were  discussed  by  Gad-el-Hak  (1986e) . 

Another  example  of  unsteady  aerodynamic  problems  is  the  complex  flow  around  a  model 
of  a  rotating-wing  aircraft.  A  1:40  scale  model  of  an  H-34  helicopter  rotor  was  towed 
in  the  present  water  channel,  and  the  advance  ratio,  collective  pitch,  and  longitudinal 
and  lateral  cycling  were  adjusted  independently  over  a  normal  range  of  field  operating 
conditions.  Under  certain  run  parameters,  a  negative  loading  was  present  near  the  tip 
of  the  advancing  blade,  and  a  pair  of  counter-rotating  vortices  were  shed  from  that 
tip.  The  interaction  of  these  vortices  with  the  succeeding  blade,  believed  to  be  a 
major  source  of  helicopter  noise  and  vibration,  was  observed  directly,  for  the  first 
time,  using  the  dye-layer  technique  (Section  4,2).  It  is  obvious  that  it  would  be 
extremely  difficult  to  conduct  such  an  experiment  in  a  water  or  wind  tunnel  using 
classical  dye-  or  smoke-visualization  methods.  This  is  due  to  the  complexity  cf  the 
setup,  where  the  blades  are  simultaneously  rotating  and  undergoing  cyclical  pitching. 

When  modeling  a  high-reduced-frequency  aerodynamic  flow,  existing  studies  on  two- 
and  three-dimensional,  unsteady  lifting  surfaces  have  shown  that  the  Reynolds  number  is 
not  a  primary  control  parameter  (McCroskey,  1982;  Gad-el-Hak  and  Ho,  1986a).  While 
viscous  effects  are  essential  for  producing  the  shear  layer  responsible  for  the  onset  of 
unsteady  separation,  viscosity  does  not  play  an  important  role  on  the  subsequent  dynami¬ 
cal  processes  within  the  already  separated  flow.  The  local  unsteady  separation,  in 
turn,  has  a  very  strong  effect  on  the  global  aerodynamic  properties.  Thus,  unsteady 
effects  dominate  the  flow  and  are  mainly  responsible  for  the  variations  of  the  aero¬ 
dynamic  forces.  Results  obtained  in  low-speed  facilities  are,  therefore,  useful  in 
understanding  the  physics  of  unsteady  flows  occurring  in  the  field  at  a  much  higher 
Reynolds  number. 


6.  SUMMARY 


Intercomparison  of  the  advantages  and  disadvantages  of  wind  tunnels,  flumes,  and 
towing  tanks  is  discussed  in  this  article.  It  is  shown  that  each  facility  has  its 
unique  place  in  laboratory  modeling.  The  goals  and  objectives  of  a  particular  study 
should  determine  the  optimum  flow  rig  to  use. 

The  construction  and  operation  of  a  particular  water  towing  tank  are  detailed  in 
this  paper.  Available  measurement  techniques  are  discussed,  Including  flow  visualiza¬ 
tions  and  fast-response  probes. 

Many  examples  of  fundamental  aerodynamic  and  hydrodynamic  studies  are  described. 
These  include  flows  in  stratified  media,  laminar,  transitional  and  turbulent  boundary 
layers,  compliant  coatings,  flow  control,  and  steady  ai.2  unsteady  aerodynamic  flows. 
These  examples  illustrate  the  usefulness  and  versatility  of  towing  tank  facilities. 


a.  Reduced  Frequency  =  0.2 


b.  Reduced  Frequency  =  1.0 


c.  Reduced  Frequency  =  3.0 


Figure  7.  Pitching  Lifting  Surface 
(from  Gad-el  Hak.  1»88b) 
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SUMMARY 


Two  new  watertunnels  of  the  institute  are  presented.  The  first  one  is  especially 
designed  to  study  the  stability  of  a  laminar  boundary  layer.  The  second  one  is  built  to 
solve  problems  in  industrial  aero-  and  hydrodynamics.  The  construction  of  both  tunnels  is 
made  of  corrosion-resistant  materials.  They  are  built  in  glasf iber-reinforced-plastic- 
technology.  Technical  data  and  first  applications  are  given. 


1.  INTRODUCTION 

Visualization  plays  an  important,  increasing  role  in  understanding  flow  phenomena. 
This  Lagrangian  view  makes  the  flow  transparent  for  better  knowledge  in  fluid  research 
and  gives  a  comprehensive  information  of  particularities  of  fluid  motion.  The 
visualisation  techniques  in  water  are  more  effective  than  in  air,  because  of  its  much 
lower  diffusivity  which  is  reciprocal  to  the  density  (  Swater  / fair  =825).  An  additional 
benefit  studying  flow  phenomena  in  water  at  the  same  Reynoldsnumber  and  the  same  size  of 
the  model  is  the  reduced  flow  velocity  (15  times). 


2.  CONSTRUCTION  OF  THE  "Laminar  Water  Tunnel". 

The  tunnel  is  built  like  a  laminar  wind  tunnel.  The  disturbances  which  are  mostly 
proportional  to  the  total  pressure  and  which  cannot  be  avoided  in  the  closed  circuit  of  a 
hydrodynamic  tank  are  at  a  low  energy  level  by  reducing  the  flow  velocity  on  the  way  back 
from  the  end  of  the  measuring  section  to  the  entrance  of  the  contraction  cone. 

Secondary  flow  induced  by  convection  which  leads  to  longitudinal  vortices,  is 
supressed  by  a  good  thermal  insulation.  The  segments  of  the  circuit  are  manufactured  in 
sandwich  construction.  PVC-foam  with  small  voids  has  an  adequate  insulating  property.  In 
addition  the  vertical  temperature  gradient  of  the  insulate  laboratory  room  is  very  low 
(*0.7  degrees  centigrade).  This  is  possible  by  a  masonry  of  stones,  which  can  give  there 
thermal  capacity  to  the  air  of  the  laboratory.  Both,  the  masonry  and  the  30  tons  of  water 
in  the  tank  are  in  fact  a  "thermal  flywheel”  for  long-term  constancy. 

Possible  vibrations,  which  effects  the  flow,  can  be  avoided  by  a  suspension  of  the 
tank  on  air  springs,  which  are  activated  by  compressed  air.  The  e i genf requency  of  the 
whole  tank  is  L  eye le /second ,  additionally  the  fundamental  frequency  can  be  reduced  by 
enlarging  the  active  air  content.  One  can  imagine,  that  the  whole  facility  is  supported 
like  a  seismic  mass.  Vibrations  in  the  building  cannot  reach  the  tank  and  therefore  not 
the  fluid. 

A  special  designed  axial-flow  pump  has  a  six-bi aded-rotor  (profile  NASA  GA(W)-l)  .  Two 
side  by  side  countercurrent  axial  pumps  press  the  fluid  through  the  circuit.  The  electro¬ 
drive  is  feedback  speed  controlled  with  a  frequency  transducer,  so  that  long  term 
constancy  of  the  rate  of  revolutions  is  guaranteed.  The  temporary  constant  rotational 
speed  is  hold  by  a  flywheel. 

To  reduce  the  turbulence  level  in  the  circuit  we  use  screens  to  smooth  the  velocity 
distribution  after  the  last  turning  vanes.  At  Reyno 1 ds-numbers  of  about  4  related  to  the 
thread  of  the  screen  there  is  no  microturbulence  behind  the  screens  which  needs  a 
settling  chamber  for  damping.  Only  viscosity  is  used  to  comparable  the  flow.  In  this 
special  case  the  mesh  size  is  a  dominant  parameter.  The  last  screen  must  be  a  precision 
screen  to  reduce  last  nonuniformities.  The  wake  behind  such  a  synthetic  precision  screen 
made  of  tensed  wires  can  be  seen  in  the  Figures  2.  and  3.  .  The  wake  is  no  more  visible 
5mm  downstream  of  the  screen. 
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3.  PROPERTIES  OF  THE  "Laminar  water  tunnel". 


The  technical  data  are  summarized  in  Table  1. 

Measurements  in  the  tunnel  requires  a  long  time  of  preparation.  The  temperature  of 
the  water  has  to  be  tuned  to  the  temperature  of  the  air  in  the  laboratory  and  this  is  a 
delicate  work.  A  very  critical  point  is  the  free  water  surface.  The  psychromet r ic 
temperature-difference  must  be  eliminated,  otherwise  streaks  of  cold  water  are  introduced 
in  the  circuit. 

Beside  these  temperature  problems  the  boundary  layer  thickness  in  the  corner  of  the 
measuring  section  must  be  reduced. 

A  quick  test  of  the  flow  quality  is  the  free  surface.  Tiny  fluctuations  of  ♦■he 
pressure  can  be  observed  if  one  uses  the  free  surface  as  a  mirror.  Thin  technique  only 
cun  be  employed  if  the  velocity  is  smaller  than  the  velocity  of  the  capillary-gravity 
waves . 

As  an  application  of  the  tunnel  a  separation  bubble  is  examined.  Figure  4  shows  the 
instationary  pulsation  of  a  short  bubble  which  leads  to  a  transversal  vortex  by  natural 
amplification.  The  rear  part  of  a  separation  bubble,  where  turbulent  reattachment  occurs, 
is  indicated  in  Figure  5.  Some  timelines  assign  an  impression  of  the  fluctuation  in 
relationship  to  the  wall  distance.  In  a  Blasius  layer  To  1 lmien-Sch I icht mg  waves  are 
triggered  by  a  vibrating  ribbon.  After  the  formation  of  lambda  vertex-structures  we  can 
observe  a  new  vortex  behind  the  well  known  top  vortex  (Figure  6.) .  At  the  neck  of  the  top 
vortex  which  lies  at  the  border  of  the  viscous  layer  a  decay  of  the  vortex  can  be 
obse* ved. 


4.  CONSTRUCTION  OF  THE  DEVICE  "Large  water  tunnel". 

The  design  of  the  recirculation  tunnel  is  based  on  the  <*ri  ter  ions  which  holds  for  low 
turbulence  wind  tunnels.  The  plastic  surface  of  the  inner  side  of  the  tank  is  smooth  and 
can  easily  be  designed  for  low  flow  resistance.  All  sides  of  the  tost  section  are 
transparent.  It  has  an  adjustable  floor  and  double  side  walls.  This  are  u&efull 
posibilities  to  adapt  the  test  section  to  different  flow  problems.  The  test  area  (see 
Table  1.)  is  large  enough  to  install  a  car  on  a  reduced  scale  of  1:5  (Figure  I i . / .  With 
the  equipped  23  kW  electric  drive  a  Re-number  related  to  1  m  of  2.5  x  1  (j  is  available. 
With  a  stronger  motor  a  Re-number  of  4  x  lO*  will  bo  reached. 

The  tank  is  built  as  one  piece  in  GRP- techno  J  ogy .  No  leakage  problem  can  occur*:-. 

Th*  re fore  the  pumps  are  top  driven.  A  variation  to  higher  Re- numbers  is  possible  by 
heating  the  water. 


5.  APLICATIONS  WITH  THE  "Large  water  tunnel". 

The  tunnel  is  used  for  industrial  aerodynamics  and  hydrodynamic  research.  Figure  8 
points  out  a  light  intersection  technique.  Two  staggort  light  sheets  generated  with  one 
laser  beam  by  using  adjustable  rotating  mirrors,  is  a  helpful  tool  for  spatial  flows. 
Vortices  behind  a  rough  cylinder  at  an  effective  Reyno I dsnumber  of  1.3  x  106  are 
visualized  by  air  bubbles.  At  this  t ranscr i t ica  1  Re-nurr.b<j r  small  longitudinal  vortices 
between  the  large  traverse  vortex  cores  can  be  observed.  This  visualization  technique  has 
the  advantage,  that  the  light  bubbles  were  concentrated  in  the  core  of  the  vortex,  by  the 
centrifugal  force  of  the  rotating  water.  Beside  the  techniques  described  in  / 1  / ,  / 2 /  and 
/ 3 /  to  visualize  the  flow,  we  use  dye  the  .  For  special  problems  (building  aerodynamic) 

Jt  is  possible  to  increase  the  turbulent  level  from  0.18^  up  to  31**  by  screens  which  are 
posed  at  the  beginning  of  the  test  section. 


6.  CONCLUSIONS 

Two  water  tunnels  built  in  GRP-sandwich  technology  have  passed  there  examination.  It 
is  possible  to  built  such  tunnels  without  a  steel  frame.  The  corrosion  resistant 
materials  used  for  the  construction  is  advantageous  in  respect  to  water  purification.  The 
first  tunnel  is  an  excellent  tool  for  studying  stability  problems  in  the  boundary  layer. 
The  second  one  suits  well  to  visualize  and  measure  spatial  flows  in  hydrodynamics  and 
ae rodynamics . 


25-3 


7.  REFERENCES 

/ 1/  Wortmann,  F.X.  Eine  Methode  zur  Beobachtung  und  Messung  von  Wasserstromungen  mit 
Tel lur . 

Zeitschrift  fur  angewandte  Physik,  Band  5,  Heft  6,  1953,  S. 201-206. 

/2/  Geller,  E.W.  An  e lektrochemlca 1  method  of  visualizing  the  boundary  layer. 

J.  Aero.  Sci.  22,  New  York  1955. 

/ 3 /  Neuwert,  G  Stromungssichtbarmachung  in  Wasserkanalen  mittels  eines  Verfahrens  zur 

Erzeugung  kleinster  Luf tblaschen . 

Z.  Flugwiss.  We  1 traumforsch .  9  (1985),  Heft  3,  S.  187-189. 


Laminar  Water  Tunnel 
overall  length  :  15.5  m 

test  section 

(length  width  height)  :  10m  x  1.2m  x  0.2m 

(adjustable  floor) 

velocity  range  :  0.02  to  0.5  m/s 


2.85m  x  1.52m  x  0.76m 
(tilt-angle  and  hight- 
adjustable  floor, 
double  side  walls) 

0,3  to  2.5  m/s 


contraction  ratio 


7.7:1  (free  surface)  7:1 

12.8:1  (filled  contraction  cone) 


drive  system 


water  volume 


2.3  kW  23  kW 

(Speed  controlled  with  flywheel,  (Thy ristorcontrol led,  two 
two  side-by-side  countercurrent  side-by-side  co-current 
rotating  ax ial- f low-pumps)  rotating  axial-flow-pumps) 

30  m3  70  m3 


instrumentation  :  hot  film  anemometrie,  probe  carriage  (computer  controlled), 

Tellur  method  ( streak  1 ines) ,  bubble  method  (timelines), 
Laser-sheet-technique . 

3  Component  balance 

calibration  device  for  carrier  frequency 

hot  film  probes.  measuring  bridge,  pressure 

gauges . 


Table  1.  Technical  data  of  the  two  hydrodynamic  tanks. 


Figure  1.  The  "Laminar  Water  Tunnel"  at  the  Institut  fur  Aorodynamik  and  Gasdynamik 


igure  7.  The  "Large  Water  Tunnel"  at  tht  Ir.stitut  fur  Aerodynanuk  and  Gasdynanuk. 


igure 


Vortex  behind 
visualized  by 
intersections 
one  laserbeam 
on  a  polygon. 


a  delta  wing  Figure  9. 

two  1 ight 
generated  with 
by  adjustable  mirrors 


Longitutinal 
the  traverse 
at  Re  ,  =  1.3 


vortices  betwee 
Karman-vort i ces 
x  10 


igure  10.  Testing  stand  of  a  wind  turbine 
model  on  a  trailer. 


Figure  11.  Flow  in  the  front  part  of  a 
car  with  open  cooling  duct. 
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SUMMARY 

Characteri st ic s  of  the  flowfield  around  a  generalised  missile  configuration  using 
two  flow  visualisation  techniques  in  a  water  tunnel  are  compared  to  corresponding  wind 
tunnel  data  at  subsonic  and  supersonic  speeds.  It  is  shown  that  the  flowfields  derived 
from  the  water  tunnel  can  be  representative  of  those  found  at  subsonic  speeds  although 
isolated  body  vortex  locations  agree  more  with  those  measured  at  supersonic  speeds  and 
that  separation  angles  on  t ! ,  _  body  can  be  import*;:!.  The  addition  of  a  cruciform  set  of 
fins  is  shown  to  modify  the  body  vortex  structure  dramatically,  the  degree  of 
modification  varying  with  axial  location  of  the  fins.  A  speed  effect  is  se*r  to  exist  in 
the  water  tunnel  that  can  change  some  vortex  flowfield  characteristics  i  *’om  ihose  of  a 
subsonic  flow  to  those  observed  at  supersonic  speeds.  Finally  crossflow  velocities  and 
circulations  are  compared  between  the  water  and  wind  tunnel. 


NOMENCLATURE 

D  Model  Diameter  (=  1  calibres) 

M  Mach  Number 

t/c  Thickness  to  chord  ratio 

S  Path  length 

V  velocity 

x  Axial  distance  from  nose  apex  (calibres) 
xs  Axial  location  of  first  separation  (calibres) 

Y  Lateral  distance  of  vortex  centre  from  body  centreline 

Z  Vertical  distance  of  vortex  centre  from  body  centreline 

{  non  dimensional  circulation 

*•  Fin  roll  angle,  defined  as  a  =  0  when  fins  are  horizontal  and  vertical 
♦  Angle  measured  from  windward  stagnation  line 

c  Density 


1.  j  NTRODUCT I  ON 

Understanding  the  vortex  patterns  on  the  leeside  of  a  body  of  resolution  has  been, 
and  still  is,  a  major  problem  in  aerodynamics.  Above  incidences  of  about  5  the  boundary 
layer  separates  from  the  leeside  of  the  body  along  a  separation  line  and  hence  introduces 
circulation  into  the  flow.  Up  to  about  25  to  35  incidence  the  circulation  will 
concentrate  itself  around  2  symmetric  vortices  in  the  crossflow  plane.  Above  this 
critical  angle  range  the  vortices  become  asymmetric.  The  interaction  of  these  vertices 
with  downstream  surfaces  such  as  controls  can  induce  large  variations  in  local  angle  of 
attack  causing  severe  aerodynamic  problems. 

In  an  effort  to  improve  aerodynamic  prediction  codes  BAe  has  had  a  continuing 
interest  in  vortex  dominated  flowfields.  As  an  aid  to  understanding  the  qualitative 
aspects  of  such  flowfields  a  water  tunnel  has  been  found  to  be  extremely  useful  in  flow 
visualisation.  The  high  density  and  low  diffusivity  of  the  working  fluid  enables  dense 
flow  tracers  with  high  reflectivities,  such  as  dyes  or  particles  to  be  used  successfully. 
BAe  have  amassed  over  the  years  data  in  the  form  of  flow  visualisation  photographs 
concerned  primarily  with  the  characteristics  of  vortices  shed  from  bodies  of  revolution 
and  subsequent  interactions  with  downstream  surfaces.  Studies  have  included  the  effects 
of  curved  flowfields  on  body  vortices,  the  interaction  of  body  vortices  with  intakes 
(Ref.  1)  and  of  course,  the  effects  of  lifting  panels  on  body  vortex  development  (Ref. 

2).  Some  of  the  more  qualitative  results  of  the  studies  have  assisted  in  the  development 
of  aerodynamic  prediction  methods  (Ref.  1).  However  concern  has  been  expressed  as  to  the 
validity  of  water  tunnel  techniques  in  representing  flow  at  higher  Reynolds  Numbers. 
Reynolds  Numbers  are  orders  of  magnitude  lower  in  the  water  tunnel  than  in  wind  tunnels 
or  free  flight  although  at  the  high  angles  of  incidence  normally  considered  when 
investigating  vortex  effects  and  with  the  supersonic  wing  sections  usually  used  in 
missile  technology  it  is  expected  that  separation  on  a  wing  is  fixed  at  the  sharp  leading 
edge  and  hence  the  wing  flow  wi  1  1  be  wel  1  represented.  For  the  body,  however,  no  such 
prominent  feature  fixes  the  separation  position  which,  as  is  well  known,  can  change 
significantly  with  Reynolds  Number.  Of  primary  interest  therefore  was  a  study  of  vortex 
locations  derived  from  water  tunnel  data  and  compared  to  reliable  wind  tunnel  data. 
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The  derivation  of  vortex  locations  from  wind  tunnel  data  can  be  a  difficult  problem 
to  solve.  In  many  cases  separation  points  are  derived  from  surface  pressure 
distributions,  which  can  give  rise  to  large  uncertainties  due  to  the  interpretation 
required.  Vortex  locations  are  generally  derived  from  flow  v isua 1 isat ion  in  a  wind 
tunnel,  for  instance  vapour  screen  techniques  which  may  require  varying  degrees  of 
interpretation  and  tend  not  to  be  the  primary  objective  of  the  tests  with  a  consequent 
decrease  in  accuracy  and  scope.  BAe  were  therefore  fortunate  in  performing  some  work  for 
the  Royal  Aircraft  Establishment,  Bedford,  that  included  the  analysis  of  flowfield  data 
around  a  body  of  revolution  collected  for  the  specific  purpose  of  invest  igat  ing  vortex 
locations  and  strengths. 


2.  WIND  TUNNEL  TESTS 

To  further  the  understanding  of  vortex  dominated  flowfields  a  comprehens i v e  series 
of  wind  tunnel  tests  are  being  performed  by  RAE  Bedford  in  the  8  ft  x  8  ft  wind  tunnel  on 
a  generalised  missile  conf igurat ion. 

The  wind  tunnel  model  used  in  the  flowfield  tests  is  shown  in  Figure  1.  Overall 
length  of  the  model  was  13  calibres  including  the  1.5  calibre  tangent  ogive  nose  which 
was  spherically  blunted  with  a  blunting  radius  of  0.05  calibres.  An  alternative  3 
calibre  sharp  tangent  ogive  nose  could  be  used,  the  overall  body  length  remaining 
constant  at  13  calibres.  A  cruciform  set  of  delta  fins  set  at  0°  deflection  relative  to 
the  body  could  be  carried  in  either  a  forward  or  rear  location  as  shown.  The  fins  had  an 
exposed  span  of  1  calibre  with  a  leading  edge  sweep  of  45°  and  were  of  a  double  wedge 
section  with  a  10%  thickness/chord  ratio. 

The  flow  surveys  had  been  performed  using  a  set  of  five-hole  yawmeters  which  had 
been  previously  calibrated  at  Mach  Numbers  from  0.4  to  2.0  and  for  angles  of  attack  up  to 
39°.  The  yawmeters  were  carried  on  a  purpose  built  traversing  rig  mounted  co-axial  ly 
with  the  sting  mounted  model  (Figure  2).  The  traversing  rig  contained  an  axial  drive  to 
which  various  sting  extensions  could  be  added  to  place  the  yawmeters  at  any  desired  axial 
location  along  the  body.  Data  were  obtained  throughout  the  chosen  crossflow  plane  by 
using  a  combination  of  the  radial  drive  built  into  the  traversing  rig  and  by  rolling  the 
entire  traversing  rig  around  the  model. 

At  supersonic  speeds  of  M  =  1.8  and  1.45  an  array  of  4  yawmeters  were  used  covering 
the  flow  survey  area  shown  in  Figure  3  wnile  at  the  subsonic  speed  of  M  =  0.7  a  single 
yawmeter  was  used  to  minimise  interference  effects  and  covered  the  flow  survey  area  also 
shown  in  Figure  3.  The  radial  extent  of  the  flow  surveys  was  determined  by  the 
capabilities  of  the  traversing  rig. 

The  flowfields  at  4  axial  stations  were  surveyed  at  3  incidences  of  8,  14  and  20  . 
Throughout  the  tests  the  Reynolds  Number  based  on  model  diameter  was  kept  constant  at 
0.62  x  10b.  The  accuracy  of  the  final  results  was  estimated  to  be:  yawmeter  pitch  and 
yaw  angle  to  t  0.3°;  local  Mach  Number  to  ♦  0.01  and  local  total  pressure  to  ;  i.5%. 
Positional  accuracy  in  the  crossflow  plane  was  better  than  0.002  D,  further  details  may 
be  found  in  Ref.  3. 

Data  are  normally  presented  as  plots  showing  the  velocity  vectors  in  the  crossflow 
plane  at  set  axial  stations.  Vortex  locations  and  wake  characteristics  are  immediately 
apparent  using  this  form  of  presentation.  More  quantitative  information  can  be  gained 
from  plots  showing  the  vorticity  in  the  crossflow  plane  and  the  local  total  pressure 
ratio  in  the  flowfield. 


3.  WATER  TUNNEL  TEST  DETAILS 
3.1  Water  Tunnel  Details 

The  BAe  water  tunnel  at  Warton  is  a  recirculating  type  with  a  457  x  457  mm  working 
section.  [t  is  driven  by  a  10  h.p.  (7.5  k W )  motor  driving  a  simple  impeller,  with  simple 
turning  vanes  located  at  the  corners  of  the  tunnel  see  Plate  I.  A  screen  mounted  ahead 
of  the  working  sections  goes  some  way  to  reducing  the  turbulence  of  the  flow.  With  the 
screen  removed  flow  speeds  of  up  to  4  m/sec  are  possible  although  the  fitting  of  the 
screen  reduces  the  maximum  permissible  speed  to  1  m/sec.  The  models  are  sting  mounted  on 
an  arrangement  that  allows  the  model  incidence  to  be  varied  wriile  the  tunnel  is  running. 
Roll  angle,  yaw  angle  and,  of  course,  configuration  changes  require  draining  of  the 
working  section  and  removal  of  the  access  window.  The  incidence  range  is  from  -35°  to 
35°  and  is  limited  by  the  model  coming  into  close  proximity  to  the  tunnel  walls.  The 

centre  of  rotation  in  the  pitch  plane  is  approximately  the  centre  of  the  viewing  window. 

Provisions  are  made  for  two  flow  visualisation  techniques  in  the  tunnel,  namely  dye 
line  and  hydrogen  bubble  techniques.  Up  to  5  separate  dyes  can  be  controlled 
individual  ly  by  valves  from  a  constant  head  of  dye.  The  head  of  dye  is  such  that  the 
pressure  of  the  dye  is  just  above  that  of  the  water  in  the  working  section. 

The  hydrogen  bubble  technique  facilities  consist  of  a  110  V  d.c.  supply  with  2  fused 
circuits.  Various  safety  provisions  ensure  that  no  current  is  applied  to  the  model  when 

the  tunnel  is  drained  for  configuration  changes.  The  anode  supply  is  connected  to  the 


water  tunnel  metal  shell  while  one  of  the  cathode  circuits  is  connected  to  the  model 
which  must  be  insulated  from  the  tunnel. 

3.2  Model  Details 

The  water  tunnel  model  was  geometrically  similar  to  the  model  tested  in  the  wind 
tunnel  although  to  a  smaller  scale.  Overall  length  of  the  model  was  13  calibres  with  a 
diameter  of  28  mm.  The  forward  3  calibres  was  removable  such  that  either  a  3  calibre 
po.inted  tangent  ogive  nose  or  a  1.5  calibre  blunted  tangent  ogive  with  a  1.5  calibre 
cylindrical  section  could  be  fitted,  overall  length  remaining  at  13  calibres. 

The  blunting  radius  of  the  1.5  calibre  nose  was  0.05  calibre.  The  base  of  the  model 
was  changed  in  detail  from  the  wind  tunnel  model  to  facilitate  the  smooth  exit  of  the  dye 
tubes  from  the  nose  of  the  model  by  extending  and  fairing  the  base  into  the  sting  support 
block  as  in  Figure  4.  A  cruciform  set  of  fins  could  be  carried  in  either  a  forward  or 
rear  position.  Fin  geometry  was  a  45°  delta  of  1  calibre  exposed  semi  span,  with  a 
thickness  to  chord  ratio  of  0.1.  The  fins  were  fixed  at  0°  deflection. 

Dyes  could  be  ejected  from  17  holes  positioned  along  the  body;  nine  were  positioned 
on  the  nose  with  6  on  one  side  and  3  positioned  diametrically  opposite  holes  No.  4,  5  and 
6.  Eight  holes  were  positioned  along  the  cylindrical  section  as  shown  in  Figure  4.  The 
model  was  constructed  from  stainless  steel  and  was  electrically  insulated  from  the  cast 
iron  shell  of  the  tunnel  by  a  ’Tufnel1  mounting  block. 


4.  WATER  TUNNEL  TEST  TECHNIQUES 

Two  flow  visualisation  techniques  were  attempted  :  dye  line  and  hydrogen  bubble 
techniques . 

In  the  dye  line  technique  water  soluble  dye  is  ejected  from  tubes  set  in  the  surface 
of  the  model.  Up  to  five  different  coloured  dyes  can  be  independently  controlled  through 
separate  valves.  Consistency  of  the  dyes  had  to  be  carefully  adjusted  such  that  the  dyes 
were  neutrally  buoyant  while  remaining  sufficiently  dense  as  to  be  recorded  on  the 
photographic  equipment.  Care  also  had  to  be  taken  that  the  dye  flow  rate  was  not  too 
high  otherwise  the  dye  would  be  ejected  outside  the  boundary  layer  and  not  entrained  into 
the  vortices. 

Still  cameras  were  used  to  record  the  dyelines  with  one  camera  mounted  level  with 
the  mode  7  recording  the  view  through  the  side  (access)  window.  The  other  camera  was 
mounted  vertically  above  the  model  looking  directly  down  onto  the  model  through  the  top 
window.  The  model  was  illuminated  by  4  flashguns  synchronised  with  the  cameras.  Due  to 
the  accumulative  effect  of  the  dye  in  the  tunnel  on  the  clarity  of  the  water,  the  tunnel 
had  to  be  drained  and  refilled  frequently.  Another  operational  drawback  was  the  low 
speed  needed,  of  the  order  of  10  cm/sec,  to  avoid  dyeline  breakup.  Consequently  the 
Reynolds  Number  was  low. 

The  hydrogen  bubble  technique  has  been  shown  to  be  a  very  effective  method  of 
visualising  the  flow  around  bodies  in  water.  Thomson  in  Australia  (Ref.  4)  has  done  much 
fundamental  work  on  the  technique.  The  technique  developed  at  BAe  Warton,  Ref.  5, 
consists  of  the  electrolytic  generation  of  hydrogen  bubbles  from  a  cathode  on  the  model. 
The  bubbles  produced  by  this  method  are  very  small,  approximately  0.1  mm  in  diameter  and 
are  very  responsive  such  that  they  can  completely  trace  the  flow  over  a  body. 

Illuminating  the  flowfield  produces  internal  reflection  within  the  bubble  and  hence 
visualisation  of  the  flowfield.  The  method  has  several  advantages  over  other  methods 
using  dyes  or  reflecting  particle.  There  is  no  contamination  of  the  working  fluid  and 
the  method  is  very  convenient  to  use,  i.e.  on/off  electrical  switching.  The  cathode  can 
be  sized  to  produce  bubbles  over  as  much  or  as  little  of  the  model  as  necessary. 

The  hydrogen  bubbles  produced  have  a  natural  buoyancy  which  give  them  an  upward 
force.  This  force  is  small  for  small  bubbles  so  that  when  the  dynamic  fluid  forces  are 
much  greater  than  the  buoyancy  forces,  the  latter  become  relatively  negligible  and  the 
bubbles  follow  the  pathlines  accurately.  It  has  been  found  that  buoyancy  effects  become 
significant  at  speeds  below  10  cm,\,ec. 

An  alternative  cathode  was  manufactured  that  consisted  of  a  horizontal  wire 
suspended  ahead  of  the  model  in  the  working  section  as  in  Figure  5.  The  wire  was 
insulated  from  the  tunnel  walls  and  was  kinked  along  its  length.  Bubbles  collected  at 
the  bends  in  the  wire  such  that  a  series  of  streams  of  bubbles  were  generated  which 
crossed  the  model  and  were  entrained  into  the  body  vortex. 

Illumination  of  the  flowfield  was  by  a  standard  slide  projector  providing  a  sheet  of 
light  of  approximately  2  cm  thickness  that  could  be  positioned  so  as  to  illuminate  the 
crossflow  plane  at  any  axial  station  on  the  model.  A  mirror  angled  at  45°  to  the  model 
axis  and  mounted  at  the  rear  of  the  model  enables  the  view  looking  up  the  model  axis  to 
be  recorded  by  a  still  camera  mounted  outside  of  the  tunnel  working  section.  By  choosing 
a  shutter  speed  of  about  1/15  sec  and  a  flow  speed  of  about  30  cm/sec  the  tracks  of  the 
bubbles  in  the  crossflow  plane  when  the  model  was  at  incidence  were  recorded  as 
'streaks',  the  length  of  which  was  proportional  to  the  crossflow  velocity. 
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As  stated  earlier  the  model  was  manufactured  from  stainless  steel  and  was  connected 
to  the  cathode  of  the  D.C.  supply.  A  waterproof  paint  was  applied  to  those  areas  of  the 
model  that  were  not  to  produce  bubbles.  However  it  was  found  that  after  a  short  period 
of  bubble  generation  the  paint  blistered  causing  asymmetries  in  the  flowfield.  Removal 
of  the  paint  such  that  the  entire  surface  of  the  model  generated  bubbles  gave  much 
improved  results.  It  became  apparent  that  the  rate  of  bubble  production  was  primarily 
dependent  on  the  applied  voltage  but  also  on  the  potential  distribution  over  the  surface 
of  the  model  and  on  the  local  velocity  of  the  flow  over  the  model.  It  was  observed  that 
more  bubbles  were  generated  over  the  nose  section,  where  the  surface  curvature  and  hence 
potential  gradient  was  greatest,  than  over  the  cylindrical  section  of  the  model. 
Furthermore  it  was  observed  that  the  rate  of  bubble  production  decreased  in  areas  of  low 
flow  velocity,  for  example  in  the  leeside  separated  region. 

However  it  was  found  that  bubble  production  was  poor  ever  unpainted  fins.  When  the 
fin;  were  painted  with  an  insulating  layer  and  approximately  1  mm  around  the  leading  edge 
was  bared  then  bubble  production  increased  dramatically,  feeding  directly  into  the 
leading  edge  vortex  when  the  fins  were  at  incidence. 

5.  DISCUSSION  OF  RESULTS 

In  the  following  sections  the  results  from  the  water  tunnel  tests  are  compared  to 
the  corresponding  wind  tunnel  tests.  Not  all  of  the  data  used  in  the  analysis  have  been 
presented  here;  for  instance  wind  tunnel  vorticity  and  local  total  pressure  ratio  plots 
have  been  studied  in  some  cases  but  could  not  be  presented  due  to  space  considerations. 

5.1  Dyeline  Technique 

Consider  firstly  the  results  obtained  from  the  dyeline  technique.  The  combination 
of  the  rotational  velocity  field  set  up  in  the  leeside  of  the  body  by  the  vortex  pair  and 
the  general  axial  flow  results  in  a  helical  dyeline  trace  where  the  particles  move  around 
the  vortex  centre  and  downstream  simultaneously.  It  should  be  noted  that  the  pitch  of 
the  helix  does  not  necessarily  indicate  the  strength  of  the  vortex  but  rather  the 
position  of  the  dye  filament  radially  within  the  vortex.  One  immediate  consequence  of 
this  is  that  the  relative  strength  of  a  vortex  becomes  difficult  to  estimate.  The 
patterns  traced  by  the  dye  filaments  were  in  the  main  steady,  maintaining  their  vertical 
and  lateral  locations  relative  to  the  body  centre  line  provided  the  oncoming  flow  was 
steady.  Hence  although  the  results  shown  in  the  photographs  are  the  instantaneous 
positions  as  recorded  by  a  still  camera  there  was  no  evidence  that  the  patterns  were  time 
dependent . 

5.1.1  Isolated  Body 

It  is  seen  from  the  wind  tunnel  tests  that  at  8°  incidence  for  the  body  alone 
configuration  at  M  =  0.7,  Figure  6,  that  there  is  very  little  vorticity  in  the  flow 
although  there  were  definite  weak  vortices.  However  the  low  rate  of  rotation  in  the 
vortices  made  identifying  the  centre  of  the  vortices  in  the  water  tunnel  by  the  use  of 
dyelines  very  inaccurate.  As  the  incidence  increased  to  14°  there  was  sufficient  vortex 
development  to  enable  the  vortex  positions  to  be  estimated  and  compared  to  the  wind 
tunnel  data.  One  implication  of  the  inability  of  this  technique  to  identify  areas  of  low 
vorticity  was  the  determination  of  the  axial  location  of  the  first  separation  point,  xs, 
measured  from  the  nose  apex.  This  obviously  has  implications  when  comparing  vortex 
positions  with  differing  configurations  on  which  x$  may  be  different.  However  the  wind 
tunnel  data  gave  no  indication  of  x$  as  data  were  collected  at  discrete  axial  locations, 
the  furthest  forward  being  3.5  calibres  aft  of  the  nose.  As  both  models  were  identical 
geometr i ca  1  1  y  it  was  expected  that  there  would  be  very  little  difference  in  xs  between 
water  tunnel  and  wind  tunnel  and  hence  the  vortex  locations  at  discrete  axial  locations 
would  be  directly  comparable. 

Shown  in  Figure  7  are  the  results  of  vortex  position  derived  from  water  tunnel  data 
and  wind  tunnel  data  for  the  isolated  body  with  blunt  and  sharp  noses  at  l  4  J  and  20“ 
incidence.  It  is  immediately  seen  that  the  water  tunnel  estimates  of  vortex  location 
fall  between  the  subsonic  (M  =  0.7)  and  supersonic  (M  =  1.45  and  1.8)  wind  tunnel  results 
in  both  the  Z  and  Y  axes,  although  the  results  tend  towards  the  supersonic  estimates.  It 
should  be  noted  that  in  the  y-direction  there  was  a  slight  as>mmetry  in  the  vortex 
positions  in  those  cases  where  dye  was  ejected  from  both  sides  of  the  flow. 

Investigation  has  shown  that  some  apparent  asymmetry  was  due  to  the  camera  mounted  above 
the  model  being  positioned  slightly  to  one  side  of  the  tunnel  centreline  to  avoid  a 
structural  support.  Corrections  have  been  applied  for  the  misalignment. 

5.1.2  Body  Plus  Forward  Fins 

Consider  now  the  addition  to  the  blunt  nose  configuration  of  a  cruciform  set  of  fins 
in  the  forward  position  at  0°  roll.  Plates  2  and  3.  It  is  immediately  seen  that  the  body 
vortex  formation  and  development  remains  unaltered  from  the  isolated  body  case  until  the 
fin  wake  is  encountered.  The  fin  wake  is  seen  to  have  no  clear  coherent  structure  and  to 
trail  in  a  streamwise  direction.  When  the  fin  wake  encounters  the  body  vortex  it  is  seen 
clearly  that  the  structure  of  the  body  vortex  is  destroyed  and  that  the  resulting  wake 
continues  in  a  broad  streamwise  direction.  By  comparing  results  at  14°  and  20“'  incidence 
it  is  seen  that  the  position  of  vortex  destruction  (burst)  remains  surprisingly  constant 
as  incidence  increases.  Th*s  is  in  partial  agreement  with  the  wind  tunnel  data.  At 
subsonic  speeds  (M  =  0.7)  the  addition  of  forward  mounted  fins  at  0U  roll  has  the  effect 
of  drastically  reducing  the  strong  vortex  structure  seen  in  the  body  alone  case  (Figures 
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8  and  9).  A  weak  recirculation  regions  remains  with  a  weak  vortex  structure.  What  was 
the  body  vortex  feeding  sheet  region  now  appears  as  a  relatively  thick  shear  layer 
separating  the  essentially  freestream  outer  flow  from  a  body  leeside  flow  that  is 
approximately  parallel  to  the  body  axis.  It  appears  that  the  trailing  wake  of  the  fin  is 
preventing  the  rolling  up  of  the  feeding  region  to  form  a  body  vortex  system.  Bearing  in 
mind  the  earlier  comments  that  the  dyeline  technique  is  poor  at  identifying  areas  of  low 
vorticity  then  it  is  seen  that  the  flowfield  in  the  water  tunnel  approximates  the  wind 
tunnel  flowfield.  The  shear  layer  will  tend  tc  spread  the  dye  from  the  nose  area  over 
the  flowfield  showing  that  some  fluid  is  flowing  approximately  parallel  to  the  body  axis 
whilst  the  canard  wake  trails  in  a  streamwise  direction.  However  the  weak  body  vortex 
structure  is  not  clearly  seen  at  all. 

When  the  fins  are  rolled  through  45°  the  wind  tjnnel  data  show  a  slightly  more 
distinct  body  vortex  structure  together  with  a  canard  vortex  shed  from  the  windward 
forward  panel.  However  the  dyeline  results  do  not  show  any  increased  structure  to  the 
flowfield  when  compared  to  the  0°  roll  case,  the  flowfield  remaining  as  a  broad  shear 
area . 


At  supersonic  speeds  (M  *  1.8)  it  is  seen  that  addition  of  a  forward  set  of  fins 
results  in  the  flowfield  shown  in  Figure  10.  The  body  vortex  position  has  been  modified 
from  the  isolated  body  case  by  a  rotation  to  windward  and  moving  closer  to  the  body. 

There  is  some  evidence  of  a  canard  vortex  lying  above  the  body  vortex.  From  Ref.  3  it 
appears  that  the  canard  vortex  trails  in  a  streamwise  direction  and  that  this  canard 
vortex  originates  from  the  windward  panel.  These  results  are  in  contrast  to  the  subsonic 
results  and  the  water  tunnel  results  presented  here  and  by  Deane  (Ref.  2)  where  the 
formation  of  a  body  vortex  was  almost  entirely  prevented  aft  of  the  fins. 

Of  interest  in  the  water  tunnel  results  is  a  small  area  of  vorticity  located  at  the 
base  of  the  leeward  panel  when  rotated  to  45°.  This  smal  1  vortex  is  found  at  the 
junction  of  the  fin  leading  edge  to  the  body  and  extends  up  to  1  calibre  downstream  of 
the  fin  trailing  edge  before  bursting,  see  Plate  4.  No  evidence  of  this  phenomenon  can 
be  found  in  the  wind  tunnel  data  although  to  date  data  have  been  collected  at  the  forward 
station  for  an  incidence  angle  of  14°  only. 

5.1.3  Body  Plus  Aft  Fins 

Considering  tnp  effect  of  aft  mounted  fins  on  body  vortex  position  in  the  water 
tunnel  it  was  observed  at  £0"  incidence  there  was  very  little  effect  of  the  fin  on  the 
location  of  the  body  vortex  for  either  0°  or  45°  roll  and  up  to  12.2  D  from  the  nose. 
However  an  effect  is  seen  in  Plate  5  where  the  fin  wake,  trailing  in  a  streamwise 
direction  encounters  the  body  vortex.  A  distinct  movement  of  the  body  vortex  closer  to 
the  body  is  seen  together  with  the  initiation  of  what  might  be  termed  vortex  breakdown  by 
spiral  instability  (Ref.  6).  However  it  must  be  remembered  that  in  this  area  of  the 
model  the  dye  tubes  exit  from  the  base  and  hence  can  cause  severe  disruption  to  the 
flowfield. 

The  corresponding  wind  tunnel  tests  show  similar  results,  Figures  11  and  12, 
although  data  are  only  available  for  14°  incidence.  At  subsonic  speeds  the  body  vortex 
is  weakened  to  some  extent  as  the  feeding  sheet  is  attenuated  by  the  horizontal  panels 
when  at  0°  roll,  Figure  11.  For  45°  roll,  Figure  12,  the  feeding  sheet  is  again  cut  by 
the  fin  although  remnants  of  it  remain.  At  supersonic  speeds  the  vorticity  of  the  body 
vortex  is  greater  and  it  is  seen  in  Figure  11  that  the  effect  of  an  horizontal  fin 
attenuating  the  feeding  sheet  is  less  than  in  the  M  =  0.7  case;  also  at  45°  roll,  Figure 
12,  the  body  vortex  location  remains  similarly  undisturbed  even  though  the  feeding  sheet 
is  cut  by  the  fin.  It  is  interesting  to  note  that  this  configuration  shows  no  evidence 
of  the  tightly  coiled  vortex  region  at  the  base  of  the  leeward  panel  for  45°  roll  in 
either  the  water  or  wind  tunnel. 

5.2  Hydrogen  Bubble  Technique 

Looking  now  at  the  results  from  the  hydrogen  bubble  technique  it  was  immediately 
observed  that  areas  of  low  vorticity,  such  as  those  found  at  8°  incidence  could  be  seen 
adequately.  Part  of  the  reason  for  this  may  be  the  viewing  angle,  as  low  rotational 

velocities  become  more  apparent  when  viewed  in  the  axial  direction  rather  than  in  the 

lateral  direction.  It  should  also  be  remembered  that  a  higher  flow  speed  is  used  of 
about  30  cm/sec  leading  to  a  higher  Reynolds  Number  (of  about  8500  compared  to  3500  when 
using  the  dyeline  technique). 

It  was  also  observed  that  in  comparison  with  the  dyeline  technique  many  more  of  the 
flowfield  details  can  be  seen.  For  example  with  the  complete  L/)dy  generating  bubbles  it 

was  observed  that  the  feeding  sheet  becomes  visible,  Plate  6,  as  does  the  separation 

lines  on  the  surface  although  the  latter  have  proved  elusive  to  photograph  in  the  current 
series  of  tests.  The  separation  lines  along  the  body  become  visible  as  bubbles  generated 
just  to  the  lee  of  the  separation  point  are  not  swept  away  by  the  boundary  layer.  Thus  a 
line  of  slow  moving  or  stationary  bubbles  mark  the  separation  lines. 

5.2.1  Isolated  Body  Results 

Comparing  the  location  of  the  body  vortices  with  the  wind  tunnel  data  note  that  the 
water  tunnel  results  were  obtained  for  the  sharp  nose  configuration  with  and  without  fins 
in  the  forward  and  rear  position  only  due  to  time  constraints.  It  is  seen  in  Plate  6 
that  for  the  isolated  body  case  a  vortex  structure  very  similar  to  that  seen  in  the 
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crossflow  vector  diagram  from  the  wind  tunnel  results.  Figure  8,  is  directly  visible  in 
the  water  tunne  I  flow  visualisation  photographs.  A  feeding  sheet  is  seen  to  connect  the 
separation  line  to  the  body  vortex  such  that  the  body  vortex  grows  as  it  progresses 
parallel  to  the  body  axis.  The  location  of  the  body  vortices  derived  from  the  water 
tunnel  by  this  technique  are  shown  in  Figure  7  compared  to  wind  tunnel  results  and  the 
dyeline  technique.  The  results  fall  between  the  subsonic  and  supersonic  wind  tunnel 
results  at  14°  incidence  but  tend  towards  the  supersonic  results  at  20°  incidence  (note 
that  some  uncertainty  exists  over  the  accuracy  of  the  water  tunnel  result  at  x/D  *  11.5, 
ol  =  20°  due  to  the  flow  being  unsteady).  The  good  agreement  between  the  water  tunnel 
data  and  the  supersonic  results  for  isolated  body  vortex  locations  is  surprising.  As 
part  of  an  explanation  it  is  perhaps  worthwhile  estimating  the  radial  location  in  the 
crossflow  plane  of  the  separation  line  along  the  body.  If,  looking  in  the  crossflow 
plane,  $  =  0°  is  defined  as  the  windward  stagnation  line  then  Ref.  7  shows  that  the 
separation  point  approaches  the  turbulent  separation  value  of  0  =  110°  -  115°  for  the 
subsonic  case.  However  for  the  supersonic  cases  the  separation  points  are  closer  to  4-  = 
90°  due  to  shock  induced  separation  as  the  crossflow  Mach  Number  becomes  critical.  From 
observation  of  the  separation  lines  in  the  water  tunnel  using  the  hydrogen  bubble 
technique  it  was  noted  that  a  line  of  bubbles  remained  essentially  constant  at  about  $  = 
90°  indicative  of  laminar  separation  at  around  4  =  80°.  The  separation  line  could  be 
identified  by  the  row  of  bubbles  that  collected  in  the  stagnant  region  immediately 
downstream  of  the  separation  point.  Hence,  if  it  is  assumed  that  the  body  vortex 
position  is  in  some  way  related  to  the  separation  line  position  then  it  can  be  seen  that, 
as  the  separation  line  position  in  the  water  tunnel  is  in  better  agreement  with  the 
supersonic  than  the  subsonic  value,  then  the  body  vortex  locations  in  the  water  tunnel 
may  well  agree  with  the  locations  derived  from  the  supersonic  tests. 

5.2.2  Body  With  Rear  Fins 

The  addition  of  a  rear  set  of  fins  at  0°  roll  produces  flowfields  as  in  Plate  7  for 
14°  incidence.  Qualitatively  comparing  these  results  with  the  subsonic  wind  tunnel  data 
of  Figure  11  it  is  seen  that  there  is  good  agreement.  The  size  and  location  of  the  body 
vortex  are  well  reproduced  in  the  water  tunnel  as  is  the  bright  area  at  mid  span  on  the 
horizontal  panels.  Bright  areas  are  caused  by  a  collection  of  bubbles  moving  at  low 
crossflow  velocities  as  is  seen  towards  the  centre  of  the  body  vortex.  It  is  therefore 
reasonable  to  assume  that  the  bright  areas  at  part  span  on  the  horizontal  panels  are 
representative  of  vertex  structure  observed  just  above  the  horizontal  panel  in  the 
wind  tunnel  tests. 

With  the  rear  set  fins  rotated  through  45°  it  is  seen  from  the  subsonic  wind  tunnel 
results  of  Figure  12  that  there  is  a  fin  vortex  structure  again  at  part  span  together 
with  a  body  vortex.  The  flow  visualisation  pictures,  Plate  8  show  a  clear  body  vortex, 
slightly  further  away  from  the  body  than  in  the  wind  tunnel  results  for  14°  incidence  and 
M  -  0.7  although  the  water  tunnel  results  are  consistent  with  the  isolated  body  locations 
from  the  water  tunnel.  The  bright  area  coincides  approximately  with  the  position  of  the 
fin  vortex  in  the  wind  tunnel  data.  It  is  seen  in  both  sets  of  data  that  the  usual 
feeding  region  has  been  severed  by  the  presence  of  the  fin  and  is  replaced  by  a  strong 
flow  outboard  along  the  fin.  Comparison  of  the  results  for  M  =  1.8  with  the  water  tunnel 
results,  show  little  agreement  apart  from  body  vortex  location.  Other  flow  details,  such 
as  fin  vortex  location  do  not  seem  to  agree.  Indeed  there  is  very  little  evidence  of  a 
fin  vortex  in  the  supersonic  data,  the  recirculation  or  vortex  region  seen  in  the 
subsonic  data  being  replaced  by  a  more  general  outboard  flow. 

5.2.3  Body  With  Forward  Fins 

With  the  addition  of  a  forward  set  of  fins  at  0°  roll,  the  fin  wake  prevents  the 
roll  up  of  the  feeding  sheet  into  a  body  vortex  structure.  Body  vortices  were  observed 
in  the  water  tunnel  at  stations  ahead  of  the  fin  trailing  edge  position  but  aft  of  this 
position  no  body  vortex  structure  was  seen.  Such  a  case  is  depicted  in  Plate  9  showing 
the  crossflow  plane  at  x  =  8  calibres  from  the  nose  tip  for  an  incidence  of  20°.  It  is 
seen  that  the  leeside  flow  is  essentially  parallel  to  the  body  axis  with  a  strong  shear 
layer  separating  the  leeside  area  from  the  freestream  flow. 

A  similar  but  slightly  more  ordered  flowfield  is  seen  in  the  subsonic  wind  tunnel 
results,  Figure  9,  although  data  for  14°  incidence  only  are  available.  The  main 
difference  between  the  wind  tunnel  results  and  the  water  tunnel  results  here  is  evidence 
of  a  weak  body  vortex  detected  in  the  wind  tunnel.  The  water  tunnel  flow  visualisation 
photograph  show  no  real  evidence  of  such  a  structure. 

When  the  forward  set  of  fins  are  rotated  through  4  5 °  a  similar  flowfield  to  the 
above  is  observed.  The  fin  wake  again  prevents  the  formation  of  a  body  vortex  resulting 
in  a  leeside  flow  that  is  essentially  parallel  to  the  body  axis  and  separated  from  the 
freestream  by  a  shear  layer. 

For  the  case  of  the  forward  fins  at  45°  roll,  20°  incidence  and  concentrating  on  a 
crossflow  plane  5.5  calibres  from  the  nose  apex  the  flow  speed  through  the  water  tunnel 
working  section  was  increased  from  approximately  30  cm/sec  to  approximately  80  -  100 
cm/sec.  These  flow  speeds  correspond  to  Reynolds  Numbers  of  8.3  x  103  to  2.7  x  10* 
respectively  based  on  model  diameter.  It  was  observed  tfut  at  the  higher  speed  the 
structure  of  the  flowfield  changed  dramatically.  The  region  of  low  crossflow  velocity 
and  shear  layer  arrangement  described  earlier  had  been  replaced  by  a  4-vortex  structure. 
Plate  10  shows  two  body  vortices  together  with  areas  that  could  best  be  described  as 
canard  vortices.  These  results  show  surprising  qualitative  agreement  with  the 
characteristics  of  the  flowfield  observed  around  a  similar  configuration  in  the  wind 
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tunnel  at  M  =  1.8  where  it  was  found  that  the  body  vortex  structure  aft  of  the  forward 
fins  continues  parallel  to  the  body  axis  although  weakened  from  the  isolated  body  case. 

In  the  subsonic  case  however,  body  vortex  formation  is  completely  prevented,  for 
example.  Figure  13  shows  no  evidence  of  a  body  vortex  at  subsonic  speeds  although  there 
is  a  weak  canard  vortex  structure  (note  though  that  data  are  only  available  for  14° 
incidence).  Comparing  the  water  tunnel  data  at  the  higher  speed  and  at  the  aft  flow 
survey  station  (x  =  11.5  D)  with  correspond  ing  wind  tunnel  data  at  H  =  1.8,  albeit  at  14° 
incidence,  in  Plate  11  it  is  seen  that  there  is  some  qualitative  agreement. 

Unfortunately  the  water  tunnel  photographs  are  of  poor  quality  and  it  was  observed  that 
at  this  station  the  flowfield  was  of  a  more  unsteady  nature,  possibly  due  to  freestream 
turbu  lence . 

Rather  than  compare  flowfields  on  the  basis  of  Reynolds  Number  which  in  the  cases 
described  above  are  orders  of  magnitude  different  it  would  seem  to  be  reasonable  to 
compare  freestream  momentum,  pV.  At  a  subsonic  speed  of  M  *  0.7  and  assuming  sea  level 
static  conditions,  the  value  of  pV  is  of  the  order  of  300  kg  m“^s“*  which,  when 
transferred  to  the  water  tunnel  is  equivalent  to  a  speed  of  30  cm/sec.  Similarly  if  the 
water  tunnel  speed  is  increased  to  0.8  m/sec  the  value  of  oV  corresponds  to  that  achieved 
at  M  =  1.92  in  free  air  (i.e.  assuming  p  =  1.225  kg/m*)  which  is  close  to  M  =  1.8. 

From  the  preceding  discussion  of  the  change  in  the  water  tunnel  flowfield 
characteristics  at  different  speeds  it  appears  that  the  flowfield  characteristics  of 
highly  separated  vortex  dominated  flows  are  more  momentum  sensitive  than  viscosity 
sensitive.  Viscosity,  however,  will  effect  the  separation  line  position. 


5.3  Velocity  and  Circulation  Estimates 

A*  t  ?  *r  ?d  Aarlier  velocity  data  may  be  extracted  from  views  of  the  illuminated 
crossflow  planes  by  measuring  the  length  of  the  streaks  created  by  the  combination  of 
bubble  velocity  and  camera  shutter  speed  on  the  photograph.  In  the  majority  of  cases 
photographed  it  was  found  that  the  flowfield  was  saturated  with  these  streaks  with  the 
result  that  it  was  almost  impossible  to  distinguish  individual  streaks.  However  for  the 
case  of  the  body  alone  configuration  with  a  sharp  nose  at  20°  incidence  there  were 
sufficient  individual  streaks  to  enable  representative  velocities  to  be  crudely 
estimated. 

Figure  14  shows  the  velocities  extracted  from  the  photographs,  non-dimens iona  l  ised 
with  respect  to  the  crossflow  velocity  and  compared  to  the  velocities  for  the  same 
spatial  locations  measured  in  the  wind  tunnel  at  subsonic  speed  (M  -  0.7).  As  can  be 
seen  there  are  a  few  differences  in  the  flowfield  velocity  distributions  even  though  the 
vortex  centres  are  at  approximately  the  same  locations.  However  it  must  be  remembered 
that  the  method  of  estimating  the  magnitude  of  the  velocities  is  not  particularly  precise 
although  the  estimation  of  direction  is  more  accurate.  It  should  also  be  noted  that  in 
the  wind  tunnel  case  local  Mach  Number  ratios  are  measured  and  that  there  is  a  small 
variation  in  local  speed  of  sound  due  to  the  total  pressure  loss  in  the  vortex. 

Considering  now  the  estimation  of  circulation  normal  to  the  body  axis  around  a 
closed  path  that  includes  the  vortex  centre.  The  circulation  in  this  instance  is  defined 
as 
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where  is  the  ratio  of  local  to  freestream  crossflow  velocity  and  circulation  is 
defined °as  positive  in  an  anticlockwise  direction. 

The  circulation  over  the  same  crossflow  area  was  estimated  for  both  the  subsonic  and 
supersonic  wind  tunnel  cases  and  for  the  water  tunnel  case  and  are  shown  below. 


WATER  TUNNEL  TESTS 
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It  is  seen  that  the  water  tunnel  estimates  agree  reasonably  well  with  the  subsonic 
estimates  although  they  are  some  17*  low.  In  co«osrison  it  is  seen  that  the  supersonic 
case  has  a  much  higher  circulation  together  with  a  velocity  distribution,  Mgure  is,  that 
is  very  different  to  the  water  tunnel  and  subsonic  wind  tunnel  cases,  the  vortex  being 
elongated  in  the  crossflow  direction. 
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6.  CONCLUSIONS 

A  comparative  study  of  vortex  dominated  flowfields  around  a  generalised  missile 
configuration  in  both  a  water  tunnel  and  wind  tunnel  has  been  undertaken.  Two  flow 
visualisation  techniques  have  been  attempted  in  the  water  tunnel,  a  dyeline  technique  and 
a  hydrogen  bubbie  technique.  Comparisons  have  included  qualitative  assessment  of  the 
flow  fields  as  well  as  more  quantitative  information  such  as  vortex  positions,  crossflow 
velocity  vectors  and  crossflow  plane  circulation. 

i  It  has  been  found  that  flowfield  characteristics  derived  from  the  water  tunnel  can 

be  representative  of  those  found  at  subsonic  speeds  in  the  wind  tunnel  data.  Isolated 

*  be  vortex  locations  however  have  been  found  to  agree  more  closely  with  those  measured 

i  .he  wind  tunnel  at  supersonic  speeds.  Observations  have  suggested  that  this  effect 
may  be  due  to  the  separation  angle  around  the  cylindrical  body  being  characteristic  of 
laminar  separation  in  the  water  tunnel  compared  to  the  turbulent  flow  separation  angles 

1  found  in  the  wind  tunnel. 

i 

The  addition  of  a  cruciform  set  of  fins  has  been  found  to  modify  the  body  vortex 
structure  dramatically,  the  amount  of  fin/body  vortex  interaction  varying  with  the  axial 
location  of  the  fins.  These  effects  have  been  found  to  be  in  agreement  with  the  results 
from  the  subsonic  wind  tunnel  test  series. 

Using  the  hydrogen  bubble  technique  it  has  been  found  that  flow  velocity  in  the 
water  tunnel  can  have  a  dramatic  effect  on  the  flowfield  pattern  downstream  of  a  set  of 
canards.  As  the  water  tunnel  speed  increases  the  flowfield  characteristics  change  from 
those  of  an  essentially  subsonic  flowfield  to  those  observed  in  a  supersonic  flowfield. 

■  It  has  tentatively  been  suggested  that  such  effects  imply  that  the  dynamics  of  highly 

I  separated  regions  are  governed  by  freestream  momentum  rather  than  the  more  usual  Reynolds 

Number  and  it  is  suggested  that  some  supersonic  results  may  be  modelled  by  judious  choice 
of  water  tunnel  speed. 

Finally  a  crossflow  velocity  distribution  has  been  extracted  from  the  water  tunnel 
data  and  the  circulation  in  the  crossflow  plane  calculated.  Reasonable  agreement  has 

*  been  shown  with  subsonic  wind  tunnel  results. 

This  paper  has  sought  to  validate  the  use  of  hydrodynamic  facilities  in 
investigating  highly  separated,  vortex  dominated  flowfields.  In  doing  so  the  water 
tunnel  has  been  shown  to  be  more  versatile  in  investigating  fundamental  aerodynamic 
phenomena  than  originally  envisaged. 
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FIGURE  13:  BODY  PLUS  FORWARD  FINS.  A  ■  45°;  X/D  -  5.50 
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FIGURE  14:  ISOLATED  80DY ;  X/D  -  11.50 
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Summary 

The  requirements  for  modern  military  aircraft  to  maintain  good  handling  qualities  at  very  high  angles  of 
attack  is  one  of  many  reasons  why  an  increased  knowledge  is  necessary  regarding  the  aerodynamic  behaviour  of 
vortex  flows  at  non-stationary  conditions.  Linearized  theory  as  it  has  been  utilized  in  flight  mechanics 
simulation  using  damping  derivatives  derived  from  for  example  forced  oscillation  technique,  may  no  longer  be 
valid  at  such  conditions.  With  this  background  some  investigations  have  been  made  by  SAAB-SCANIA  with  the 
aim  to  study  the  hysteresis  effects  for  non  stationary  vortex  flows. 

A  schematic  deltawing  model  which  could  also  be  equipped  with  a  similar  canardwing  has  been  tested  in  a 
watertunnel.  The  model  was  supported  in  the  watertunnel  by  a  simple  mechanism  by  which  it  could  be  forced  tc 
move  in  one  of  four  different  modes  -  pitching  or  plunging  with  either  ramp  or  harmonic  motion.  The  flow  over 
the  model  wa3  visualized  with  air  bubbles  and  sequences  were  recorded  on  videotape.  The  sequences  were 
anlyzed  and  the  movements  of  the  leading  edge  vortex  bur*t  have  been  studied  with  the  main  interest  focused 
on  the  hysteresis  effects. 

List  of  symbols 

*VB  lengthwise  distance  behind  wing  apex  for  leading  edge  vortex  burst  position 

<i(t)  instantaneous  angle  of  attack 

,rS  angle  of  attack  at  start  of  ramp  or  cycle 

“o  angle  of  attack  amplitude  for  oscillations 

Att  angle  of  attack  ramp  length 

^  angle  of  attack  velocity 

t  time 

u  fly-wheel  rotational  velocity 

f  absolute  frequency 
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11  fc 

reduced  frequency 
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root 

chord 

free 

stream  velocity 

li  = 
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non-dimensional  time 

Introduction 


Modern  military  aircraft  are  required  to  maintain  good  handling  qualities  and  performance  at  very  high 
angles  of  attack.  Such  aircraft  have  come  to  utilize  the  advantages  under  such  conditions  of  highly  swept 
wing3,  preferably  in  the  shape  of  delta  wings.  On  the  delta  wing  the  lift  ;s  created  by  separated  but  stable 
vortical  flow  structures  rather  than  by  the  attached  flow  over  the  wing.  The  angle  of  attack  at  which  the 
vortical  flow  breaks  down  can  reach  30  deg  or  more.  The  physics  of  the  stationary  flow  over  a  delta  wing  when 
vortices  are  existing  has  been  studied  extensively  and  reported  by  various  researchers.  The  leading  edge 
sweep  angle,  the  cross  sectional  shape  and  the  angle  of  attack  determines  the  flowfield  as  reported  by 
Ornberg  (1).  The  angle  of  attack  influence  on  the  main  leading  edge  vortex  core  positions  has  been  reported 
by  Elle  (2)  from  studies  in  a  water  channel  where  air  bubbles  were  used  to  visualize  the  flow. 

He  found  that  for  a  flat  plate  delta  wing  the  "spanwise"  angle  between  the  vortex  cores,  when  normalized  with 
the  wing  apex  angle,  does  not  change  very  much  with  the  angle  of  attack  but  stays  around  0.6.  The  vortex 
height  over  the  wing  surface  lifts  away  with  increasing  angle  of  attack.  Several  researchers  have 
investigated  the  pressure  distribution  over  delta  wings  and  found  that  the  spanwise  pressure  peak  always 
occurs  under  the  main  vortex  although  the  presence  of  other  secondary  vortices  may  result  in  flatter  pressure 
distributions  than  normally  seen  in  the  two-dimensional  case.  Unstationary  flow  over  delta  wings  is  however 
far  less  known.  Lambourne  et  al  (3)  have  studied  the  vortex  behaviour  following  a  sudden  change  of  indidence. 
They  found  that  the  leading  edge  separation  vortices  went  through  a  growth-decay  change  following  a  positive 


or  negative  sudden  change  of  the  incidence.  The  vortices  eventually  reached  the  steady  state  spanwise  and 
height  location  after  a  delay  that  at  any  chosen  chordwise  position  was  nearly  equal  to  the  time  for  the  flow 
to  travel  at  freestreara  velocity  from  the  apex  to  the  position  studied.  Gad  el  Hak  et  al  (4,5)  have  studied  a 
pitching  delta  wing  and  found  a  similar  growth-decay  cycle  for  the  leading  edge  vortices.  For  both  the  sudden 
plunge  and  the  pitching  wing,  those  researchers  found  obvious  hysteresis  effects.  I.e.  at  identical 
instantaneous  attack  angles,  vortex  locations  and  strength  were  different  for  upstroke  and  downstroke 
movements. 

Predictions  for  aircraft  maneuvers  have  as  a  common  practise  been  made  by  the  use  of  Taylot  expansions 
including  coefficients  and  derivatives  which,  based  on  linear  theory,  have  Veen  r-«,a~..reo  in  various 
windtunnel  tests.  The  damping  derivatives  are  normally  measured  with  forced  oscillation  technique.  It  is 
obvious  that  such  a  procedure  must  be  doubtful  when  extended  up  to  high  angles  of  attack  where  nonstationary 
effects  depending  on  the  direction  of  the  movement,  are  present. 

For  aircraft  flying  into  gusts  the  only  true  simulation  of  course  is  a  gust  facility  such  as  a  gust  track  or 
a  gust-tunnel.  Neihter  a  pitching  nor  a  plunging  motion  in  ramp  or  oscillatory  mode  can  correctly  simulate 
the  gust  in  so  far  as  to  reproduce  the  sudden  change  of  attack  angle  distributed  over  the  chord  as  a  function 
of  time.  It  seems  natural  though  to  believe  that  a  better  knowledge  of  the  nonstationary  flow  over  a  delta 
wing  achieved  for  example  by  studying  the  vortex  flows  for  the  above  mentioned  four  types  of  movement,  would 
be  helpful  to  improve  the  ground  testing  methods  for  aircraft  maneuvering  and  flying  into  gusts,  both 
experimentally  and  theoretically. 

Experimental  Approach 

As  mentioned  above  the  leading  edge  vortices  will  change  their  core  position  when  the  angle  of  attack  is 
varied.  This  movement  however  is  not  large  and  therefore  experimentally  difficult  to  assess  with  some 
accuracy.  For  a  60  deg  delta  wing  with  sharp  leading  edges  the  bursting  of  the  vortices  will  be  located  over 
the  wing  for  a  wide  range  of  attack  angles.  The  movement  of  the  burstpoint  is  easier  to  detect,  much  more 
sensitive  to  a  change  of  incidence  and  has  a  major  impact  on  pressure  distribution  and  consequently  on  the 
lift  and  pitching  moment  of  the  wing.  Experiments  were  performed  in  which  investigations  were  made  regarding 
the  nonstationary  flow  over  a  schematic  deltawing  with  and  without  a  canardwing  for  four  different  types  of 
movement: 
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In  watertunneltests  the  vortex  burst  positions  were  monitored  and  measured  as  functions  of  the 
instantaneous  attack  angles.  Visualization  was  made  witn  air  bubbles.  Because  of  the  possibility  that  the 
bursting  mechanism  would  be  influenced  by  the  low  Reynolds'  number  or/and  by  the  air  bubbles  it  was  decided 
that  some  of  the  different  types  of  movement  should  also  be  tested  in  a  windtunnel  where  visualization  would 
be  achieved  with  smoke.  As  a  check  of  the  possible  influence  of  the  smoke  also  Schlieren  pictures  would  be 
taken  of  the  vorex  cores.  Windtunneltest  also  would  enable  measurement  of  loads  and  of  damping  derivatives 
with  much  less  measurement  problems  than  in  a  watertunnel. 

Watertunneltest 


A  60  deg  delta  wing  with  chamfered  (sharp)  leading  edges  was  used  for  the  test.  The  flat  side  of  the  wing 
was  used  as  suction  side.  A  60  deg  similar  canard  could  be  mounted  ahead  of  the  wing.  Fig  l  is  a  scetch  cf  the 
model . 


FIG  1.  WATERTUNNEL  MODELS -DIMENSIONS  IN  MILLIMETER 


The  Gottingen  type  waterturmel  at  Volvo  Flygmotor,  TrollhSttan  was  used  for  the  test.  The  test  section  tank 
has  the  width  0.45  m  and  the  height  0.55  m;  the  flow  nozzle  has  diameter  0. 33  m.  During  the  test  the  upper 
water  surface  in  the  test  section  was  free  (i.e.  not  enclosed  by  a  wall).  The  water  speed,  originally  planned 
to  be  1  or  2  m/s  was  limited  to  1  m/s  by  the  light-sensitivity  of  the  videocamera  used  for  the  documentation. 
Thus  the  Reynolds'  number  during  the  test  based  on  root  chord  was  1.0  x  10^.  Fig  2  shows  schematically  the 
model  installation  in  the  watertunnel.  The  four  different  modes  of  motion  were 


FIT  2.  WVrEMVNNEL  TEST  ARR/JNCiEMD/T 

achieved  with  a  one-  or  two-bar  -  rig  driven  with  either  a  slidemechanism  or  with  a  camshaft  . 

For  the  harmonic  pitching  motion  a  pin  on  a  fly-wheel  was  driving  a  3ls-*t  o'  *te  guided  by  two  rails.  Two 
bars,  one  fixed  and  one  connected  to  the  slide  plate  transfered  the  motion  to  the  model.  The  pitch  frequency 
was  f  =  0.58  Hz,  resulting  in  a  reduced  frequency  K  of  0.18.  Fig  2  shows  the  mechanism  in  principle. 


FIT  j.  HARWJNIC  PITCHING  MECHANISM 


Flo  1.  HARMONIC  FLINT. INK;  MECHANISM 


Harmonic  plunging  utilized  a  one-bar  rig  with  the  same  slide  mechanism.  Frequencies  were  the  same  as  for 
pitching  motion.  Fig  4  shows  the  mechanism.  The  ramp  motion  for  pitch  is  designed  to  give  a  ramp  with  <1=0.6 
rad/s  and  a  ramp  length  of  \us1Q  deg  from  a  start  angle  or  attack  which  can  be  set  at  choice  between  0  deg  and 
30  deg.  A  camshaft  pulley  was  made  such  as  to  enforce  the  ramp  of  \<i  =  10  deg  when  the  pulley  rotated  0-45  deg. 
At  45-90  deg  the  attack  angle  is  constant  Ug+io  deg.  From  90-180  deg.  •»(  t)  is  iecreased  to  us  and  will  then 
be  steady  while  the  pulley  rotates  from  180-360  deg.,  where  the  cycle  will  be  repeated.  With  the  chosen  pitcn 
velocity  this  means  that  the  wing  will  be  stationary  at  us  during  1.6  sec  before  the  ramp  starts  and  then  be 
stead-'  at  ns+10  deg  during  .291  sec. 


SlfiemethanivTi  t.  anchor  rpullcy  Sinem«han.sm  Camshaft  pulley 


RAMI  ’  PITCH  [NT.  MECHANISM 
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RAMP  PLUNCINC  MECHANISM 


With  freestream  velocity  1  m/s  this  is  equal  to  p=2.91  using  Larabourne's  terminology,  i.e.  the  free  stream 
has  traveled  almost  three  times  the  chord  and  the  flow  over  the  whole  wing  should  wail  have  reached 
stationary  conditions.  Fig  5  shows  this  mechanism  and  the  camshaft  pulley.  Ramp  motion  for  plunging  wing 
finally  is  also  designed  for  us0.6  rad/sec  and  a  ramp  length  cf  10  deg. 


TAB-.:  > 


The  plunging  motion  hence  is  non-linear  for  the 
time  0-0.291  sec  and  linear  0.251-0.582  sec. 
Steady  conditions  before  and  after  the  ramp  are  of 
same  length  as  for  the  ramp  pitching  motion.  The 
total  plunge  of  the  model  is  0.077  m  (3.02" }.  Fig 
6  shows  the  mechanism  and  the  camshaftpulley . 

The  four  types  of  motions  described  above  were 
forced  upon  the  model.  A  slot  light  (2  kW)  was 
positioned  parallel  with  the  port  side  vortex, 
visualized  with  air  bubbles.  Sequences  were 
recorded  on  videotape,  which  were  then  analyzed 
"frame  by  frame"  and  the  burst  position  measured 
as  a  function  of  the  instantaneous  attack  angle. 

When  a  model  with  a  canard  was  used,  only  the 
main  wing  vortex  was  analyzed.  The  canard  vortex 
was  too  small  to  allow  any  measurements  to  be 
made.  Vortex  burst  positions  for  the  stationary 
case  were  also  measured  and  are  shown  as  a 
reference  in  figures  7-10. 


The  total  test  envelop  is  shown  in  tabLe  i. 


Experimental  Results  -  Watertunnel  test 


In  figures  7-10  the  lengthwise  burst  position  normalized  by  the  rootchord  Xys/c  is  plotted  as  a  function  of 
ii  (t)  with  Xyj3=0  beeing  the  wing  apex.  The  accuracy  of  the  assessed  burst  position  is  estimated  to 
2-3  %  of  the  rootchord.  When  the  burst  is  close  to  the  apex  or  to  the  trailing  edge  of  the  wing  the  accuracy 
however  is  not  so  good  because  of  influence,  at  the  apex  of  the  vortex  on  the  other  side  of  the  wing  and  at 
the  trailing  edge  of  the  flow  from  the  wing  pressure  side.  At  the  apex,  also  the  absolute  size  of  the  wing  is 
very  small  and  air  bubbles  are  relatively  larger  and  may  have  a  larger  influence  on  the  bursting  mechanism. 


Fir.  7.  VORTEX  BURST  ifJSITIUNS  Fir.  rt.  VORTEX  BURST  i.’OSITIONS 

FOR  HARMONIC  PITCHING  MOTION  FUR  HARMONIC  PLUNGING  MOTION 


Fig  7  shows  the  curves  for  harmonic  pitching  motion.  For  the  case  without  a  canard  at  :is=l0  deg  the 
hysteresis  effects  are  small  but  the  displacement  of  the  burst  to  one  side  for  both  up  and  downstroke  motion 
compared  to  the  stationary  case  is  obvious.  At  the  upper  turningpoint  i(t)=20°  the  curves  coincide. 


27-5 


As  03  increases  the  loop  becomes  wider  and  is  at  us=20  deg  almost  symmetrical  around  the  stationary  curve. 
As  fi  is  zero  in  the  turning  points  it  could  be  expected  that  the  burst  position  there  is  closer  to  the 
stationary  condition  than  elsewhere. 

For  a(t)=10+10sinut  the  motion  will  include  attack  angles  where  the  stationary  flow  has  no  vortices.  The 
displacement  towards  the  apex  of  the  burst  at  as=10°  for  the  nonstationary  flow,  therefore  must  be  caused  by 
vorticity  emanating  from  the  part  of  the  wing  ahead  of  the  pitch  axis  where  at  downstroke  motion  the  induced 
attack  angle  will  reach  high  values. 

Generally  for  the  case  without  a  canard  the  loops  have  a  direction  as  could  be  expected  for  viscous  damping. 
This  however  is  not  always  the  case  for  the  model  with  a  canard.  At  us=10  and  15  deg  the  upstroke  burst 
position  is  ahead  of  the  downstroke.  For  as=10,  15  and  20  deg  the  forward  displacement  of  the  burst 
compared  with  the  stationary  case  is  also  obvious  at  the  lower  values  of  a(t).  The  reversed  loop  direction  is 
supposed  to  depend  on  the  interference  from  the  canard,  the  flow  of  which  besides  its  own  hysteresis  also 
influences  the  wing  with  a  time-delay  due  to  the  distance  ahead  of  the  wing.  The  strengthening  influence  from 
the  canard  vortex  onto  the  main  wing  vortex  is  delayed  and  the  flow  of  the  wing  is  more  like  the  conditions 
without  a  canard  in  the  nonstationary  case. 

Fig  8  shows  the  curves  for  harmonic  plunging  motion.  It  must  be  kept  in  mind  that  for  the  plunging  motion  the 
model  is  of  course  subject  to  different  wall  interference  and  to  varying  irregularities  in  the  flow  from  the 
nozzle  because  of  the  movement,  whereas  for  the  stationary  case  such  conditions  are  constant.  The  conditions 
are  similar  to  the  harmonic  pitching  motion  but  for  the  s=10  case  for  wing  only.  For  the  plunging  motion  nc 
similar  forward  displacement  is  seen,  hence  adding  strength  to  the  theory  that  the  induced  attack  angle  is  the 
cause  in  the  pitching  motion. 


Wc 

08 

Wing  only 

-  Slotionary  curves 

—  Nonstationary  ■ 

Whvj  and  canard 

Wc 

0  8 

XW*C 

00 

\\ 

ars*lO 

\ 

\l 

02 

0.2 

02 

08 

\ 

08 

08 

\ 

«v,s 

\ 

\s 

\ 

S 

0? 

\ 

\ 

0.2 

0? 

0.8 

\ 

\ 

a  =20 

K 

08 

08 

\ 

s 

vj 

\ 

\ 

0? 

02 

02 

10  20 

30  altl  10 

To  30 

a(t) 

Wing  and  canard 


20  30  am 


FIG  9.  VORTEX  BURST  POSITIONS  FOR  RAMP  PITCHING  FIG  1o.  VORTEX  BURST  POSITIONS  FOR  RAMP 

MOTION  PLUNGING  MOTION 


Rampmotion  in  pitch  (fig  9)  and  in  plunge  (fig  10)  also  show  similar-flow  conditions.  For  all  experiments 
without  a  canard  there  is  a  delay  in  the  movement  of  the  burst  position  which  however  at  the  end  of  the  ramp 
continues  to  move  and  eventually  comes  close  to  the  stationary  position.  It  is  again  observed  that  for  lowus 
-values  with  a  canard  the  burst  position  is  ahead  of  the  stationary  curve.  At  the  end  of  the  ramp  lh«  burst 
position  also  in  those  cases  moves  closer  to  the  stationary  position.  During  the  ramp  motion  where  rt  is 
always  0.6  rad/s,  the  distance  from  canard  apex  to  wing  apex  ( 0 . 04  m)  corresponds,  using  f reestreamveloci ty 
(1.0  m/s)  to  a  delay  in  attack  angle  of  only  1.5  deg.  It  must  be  concluded  that  the  larger  nonstationary 
effects  with  the  canard  configuration  are  due  more  to  the  hysteresis  effects  on  the  canard  vortex  itself 
before  it  influences  the  main  wing  vortex  rather  than  to  the  delay  for  the  canard  flow  to  travel  downstream 
to  the  main  wing. 

Windtunneltest 


The  windtunneltests,  which  are  not  yet  completely  finished,  are  performed  in  the  2x2  m  iowspeedwindtunnel 
at  the  university  of  Stockholm  (Division  of  the  Aeronautical  Research  Institute  of  Sweden).  The  first  part 
including  harmonic  pitching  motion  is  finished,  the  second,  ramp  pitching  has  been  delayed  due  to  higher 
priority  project  work  but  is  currently  beeing  installed  in  the  windtunnt'i.  The  model  is  geometrically 
identical  with  the  watertunnelmodel  but  five  times  larger.  It  is  mounted  on  a  balance  and  hence  has  on  the 
prssure  side  a  •ring  over  the  balance.  The  model  Is  shown  in  fig  11. 

The  windspeed  has  been  varied  within  the  range  20  m/s-65  m/s.  Reynolds'  number  therefore  were  0.7-2.2x10^  and 
the  reduced  frequencies  0.003-0.33-  An  existing  mechanism  designed  for  pitch  damping  derivatives  test  was 
used.  -  For  the  ramp  mode  this  rig  ha3  been  supplied  with  a  stepmotor  which  electronically  controlled,  can 
move  the  model  a  ramp  ler.^th  of  deg  at  a  pitch  rate  within  the  range  0.1  to  5  rad/s.  The  vortices  were 
visualized  with  kerosene  smoke  and  recorded  with  either  a  photographic  or  a  videocamera.  As  a  check  of  the 
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possible  influence  of  the  smoke  on  the  burst  mechanism  it  was  also  visualized  with  a  shlieren  system.  It  must 
be  observed  though,  that  unlike  the  watertunnel  test  where  the  burst  movement  was  recorded  and  analyzed 
consecutively,  in  the  windtunnel  a  triggered  flash  light  was  used.  Triggering  was  arranged  from  a  connector 
on  the  flywheel  which  could  be  changed  to  trigger  at  various  attack  angles.  The  curves  showing  the  movement 
of  the  burst  position  hence  are  each  achieved  from  many  different  occasions  with  intermediate  stops  of  the 


oscillation. 


FIG  11.  WINDTUNNEL  MODELS 


Experimental  results  in  the  windtunneltest.  -  Flow  visualization 


Referred  here  will  be  only  those  windtunnelresults  which  are  of  interest  in  comparison  with  the 
wa  ter  t  unnel test. 


Stationary  vortex  burst  positions  are  shown  in  fig  12.  A  reasonably  good  agreement  is  found  between  the 
water-  and  windtunneltests.  A  small  difference  exists  between  different  visualization  methods  ir.  the 
windtunnel.  It  must  be  kept  in  mind  though  that  all  the  data  are  resulting  from  a  personal  opinion  about 
where  the  burst  is  located.  Different  persons  have  analysed  the  photos  and  images  are  also  somewhat  different 
with  the  different  methods  of  visualization.  Nonstationary  burst  positions  are  shown  in  fig  13  for  u{t)=2C  ♦ 
8  deg  and  reduced  frequencies  k=0. 006-0. 195.  As  expected,  the  frequency  has  a  large  influence  on  the 


FIG  12.  STATIONARY  VORTEX  BURST  POSITION-  FIG  13.  VORTEX  BURST  POSITIONS  IN  WINDTUNNEL 

COMPARISON  WATERTUNNEL  AND  WINDTUNNEL 

When  compared  with  the  watertunnelresults  (fig  14 )  a  small  shift  forward  for  the  burst  position  is  seen  for 
the  windtunnel.  The  difference  is  of  the  same  order  as  for  the  stationary  case. 


The  difference  between  smoke  and  schlieren  visualization  is  of  the  same  order  both  stationary  and 
nonstationary  as  can  be  seen  from  fig  12  and  fig  15. 


FIG  14.  COMPARISON  BETWEEN  WATERIUNNEL  AND 
WINDTUNNEL  OF  STATIONARY  AND  NONSTATIONARY 
VORTEX  BURST  POSITIONS 


FIG  15.  COMPARISON  BETWEEN  VISUALIZATION  WITH 
SMOKE  .AND  SCHLIERENSYSTEN  OF  VORTEX  BURST  POSITION 
IN  WINTOirNNEI, 


Experimental  results  in  windtunneltest.  -  Force  measurements 


The  loops  in  the  vortex  burst  positions  are  also  found  in  the  measured  loads.  Fig  16  shows  the  case 
n(t)-25  +  8  deg  for  k  =  0.006-0.195. 
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Conclusions 

Nonstationary  flow  over  a  flat  sharpedged  60  deg 
deltawing  at  angles  of  attack  where  vertices  are  shed 
from  the  leading  edges,  is  subject  to  large  hysteresis 
effects  a3  can  be  seen  in  the  movements  of  the  vortex 
burst  positions.  For  the  configuration  without  a  canard 
wing  the  hysteresis  is  caused  by  a  delay  in  the  vortex 
burst  movement.  For  the  configuration  with  a  canard, 
the  vortex  burst  position  is  sometimes  ahead  of  the 
stationary  case,  which  can  be  explained  by  the  delay  of 
the  strengthening  effect  from  the  canard  vortices  onto 
the  wing  vortices  which  is  caused  by  similar  hysteresis 
on  the  canard  flow.  As  a  consequence  of  this 
conclusion  we  are  lead  to  assume  that  the  dynamic  stall 
for  a  pair  of  wings  interacting  with  eachother  may  not 
necessarily  produce  a  higher  maximum  lift  than  the 
stationary  case  as  often  happens  for  a  single  wing. 
Water  and  windtunneltests  yield  results  principally 
identical  and  of  very  similar  size.  The  variation  of 
Reynolds’  number  does  not  seem  to  have  significant 
influence.  This  has  also  been  observed  in  the 
windtunnel  test  when  different  Reynolds’  number  have 
been  used.  Ornberg  (Ref  1)  and  Elle  (Ref  2)  have 
observed  similar  low  sensitivity  to  Reynolds’  number 
for  stationary  conditions  for  the  flat  delta  wing  case. 
(The  thicker  profiled  wing  for  which  the  vortices  not 
always  originate  at  the  apex  and  which  have  leading 
edge  bubble  separation  at  the  center  wing,  may  well  be 
different  in  this  respect  Doth  stationary  and 
nonstationary) . 

The  visualization  method  with  air  bubbles  ir.  the 
watertunnel  or  with  smoke  in  the  windtunnel  does 
not  influence  the  vortex  burst  position  significantly 
neither  stationary  nor  nonstationary ,  which  is  in 
agreement  with  Elle  (Ref  2). 


Nonstationary  loads  show  similar  hysteresis  effects  in  the  windtunneltest  as  have  been  found  in  the 
watertunneltest.  Not  even  the  mean  values  of  the  hysteresis  loops  are  always  in  agreement  with  the  stationary 
loads.  Up-and  downstroke  loads  are  sometimes  displaced  to  one  side  of  the  stationary  loads.  Forced 
oscillation  test  regarding  damping  derivatives  must  under  such  conditions  be  doubtful.  Damping  properties 
should  be  considered  as  discrete  values  depending  on  condition  and  direction  of  the  movement. 
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Kiq.  1 1  a  -ar-.i  iguratior  with  pulsed  wires  and  bottom  wire®,  b)  pulsed  wire  at 
y*  -  IS  together  with  bottom  wires. 


An  important  result  is  that  for  y*  <  60  only  a  few  percent  of  the  elongated  low  speed 
flow  regions  visualized  by  the  pulsating  wire  was  not  nearly  coinciding  with  one  or  mere 
streak  lines.  Thus  it  is  concluded  that  for  y*  <  60  an  elongated  low  speed  flow  pattern 
nearly  always  is  a  section  through  a  streak:  a  streak  has  the  shape  of  a  ridge  and  r.ct  of 
a  lifting  finger. 

Some  countings  concerning  the  coincidence  of  the  extrema  in  the  streamwise  velocity 
visualized  with  the  pulsating  wire  with  the  lines  generated  by  the  bottom  wires  for 
different  values  of  y+  of  the  pulsating  wire  are  shown  in  table  1.  The  six  types  of  patter:, 
that  were  selected  are  represented  in  figure  2.  (A):  A  single  streakline  (generated  at  the 

bottom  wire  almost  coincides  with  a  local  minimum  in  the  timelines;  (B)  and  (C) :  Two  and 
three  streak  lines  almost  coincide  with  a  local  minimum:  (D) :  The  timelines  close  to  the 
wire  near  a  streak  'me  do  not  show  a  local  minimum,  but  this  local  minimum,  occurs  rather 
suddenly  somewhat  downstream,  his  pattern  will  be  called  a  streak  back;  (E) :  The  streak 
line  does  not  coincide  with  any  extremum;  (Fh  :  The  streak  line  almost  coincides  with  a 
local  maximum,  in  table  1  the  distribution  cf  streak  lines  over  these  six  types  of  patter; 
is  shown:  These  data  illustrate,  "hat  if  one  counts  streaks  from  a  single  pulsating  wire, 
with  increasing  y*  position  of  the  wire  a  decreasing  amount  of  streaks  per  unit  spanwise 
distance  will  be  counted.  Sometimes  because  a  streak  near  the  location  of  the  wire  dees  rc 


c*n 


Figure  5>  Development  of  ■ 
of  time  (y*  *  15) 


trealcback  as  a  function 


A  streak  is  counted  to  extend  to  a  certain  y *  if  timelines  generated  ai  mat  coordinate 
show  a  local  minimum  of  the  streamwise  velocity  and  a  streak  line  generated  by  the  bottom 
wire  almost  coincides  with  those  local  minima.  Since  two  wire  correlation  for  y+  <  60 
showed  that  only  a  few  percent  of  the  local  minima  were  not  associated  with  a  streak  lire 
it  is  not  necessary  any  more  to  ve^'fy  for  y+  <  60  whether  the  second  part  of  this  criteri 
is  satisfied.  The  first  part  of  this  criterion  is  qualitative  and  sensitive  to  the  ]udgene 
of  the  observer.  For  this  reason  a  more  quantitative  definition  is  required. 

A  detection  criterion  used  by  Smith  and  Metzler  (2)  is  based  on  the  relation  between 
the  streamwise  velocities  in  a  local  minimum  and  adjacent  local  maxima  (see 

figure  6) . 

L'low/Lhigh  <  a  1  1 


Smith  showed  that  for  i  =  0 , 7  detection  is  rather  insensitive  to  the  choice  of^a 
the  use  of  a  =  0,58  anda  =  0,85  induced  a  change  in  the  mean  spanwise  spacing  'T 
than  5%  relative  to  a  =  0,7.  However,  if  we  use  perturbation  theory  we  require  a 
criterion  that  considers  the  strength  of  pc  rturba  tions  of  the  flew  field  Uj  ,  . 

espect  criterion  ( I )  is  less  favourable  since  it  is  not  only  dependent  or.  ^,{y) 
but  also  on  U  (y).  A  criterion  solely  considering  1 1 ,  U>n  is:  1 

\  -  C1  ‘  "high  *  "low  ' 


e  of  a:  both 

mg  'T  of  less 
uire  a  detection 
\ ,  Uh .  In  this 
t?  (v)  and 
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C  r  i  te  r  i or.  •:  2  ;  shows  t  he  he i  gr.  t 
for  a  streak  becomes  mere  str:r. 
approximately  indicates: 


low 

"high 


0,6  U  .  , 
_ LZi_  c* 

1 , l  c,„. 


Figure  7a  shows  the  mean  spanwise  spacing  of  streaks  ■  as  a  function  of  the  cie?  e  vt  i<,  r: 
level  B  for  five  values  of  y*.  We  observe  that  for  each  value  of  y*  for  ^  4  C ,  3 ,  is  rath-.; 
insensitive  to  g  while  for  g  >  0 , 3  >.  is  sensitive  to  g.  Figure  7b  shows  the  mean  Sr ar.w ; sc 
spacing  i  as  a  function  of  y+  for  different  values  of  6.  In  figure  7c  the  mean  spanwise 
streak  spacing_^s  a  function  of  '/*  for  the  enterions  (1J  and  « 2  •  are  compared.  For 
criterion  (1)  i  is  increasing  more  with  increasing  vr.  This  was  to  be  exr.ecteu  because 
of  Eq .  !  4 )  . 


SPANWISE  MOVEMENTS  OF  STREAKS 


We  next  present  some  quantitative  information  concerning  the  spanwise  movements  of 
a  streak.  The  spanwise  coordinate  z*  of  a  streak  at  a  fixed  streamwise  coordinate  y  near 
the  wall  is  determined  from  the  intersection  of  a  streak  line  with  a  hotter,  wire.  For 
several  streaks  the  spanwise  coordinate  as  a  function  of  time  was  determined  using  a  metier, 
analyser  for  a  film.  A  typical  result  is  shown  in  figure  8  .  From  these  signals  the  spanwise 
velocity  of  the  streak  WM  at  instant  t  can  be  determined  when  It  is  small  enough  by 


2At 


If  At  is  not  sufficiently  small  we  obtain  a  filtered  version  of  the  velocity  signal.  In 
table  2  [  Wm,  and  are  shown  for  three  values  of  It*.  Figure  's  a  shews  histograms  of 

W+  for  three  values  of  It*.  To  obtain  a  clear  pic-ure  only  the  h  is  to-:  ram.  for  At +  =  1  , 
is  normalised. 


We  next  consider  the  timelines  generated  by  a  pulsed  wire  at  y*  =  16.  If  we  draw  a 

i streamwise ;  line  connecting  the  local  minima  it  'irelmes  for  different  value  belonging 

to  a  low  speed  streak,  the  spanwise  movements  of  this  line  show  the  spanwise  movements  of 
the  low  speed  streak.  In  this  way  we  can  study  the  spar.wise  movements  of  low  speed  streaks 
at  y*  =  15  using  the  same  method  that  was  used  for  streaklines  at  y*  -  0.  A  complication 

is  caused  by  the  rotating  motion  near  the  streak  backs.  We  use  the  hypothesis  that  these 

rotations  are  a  result  of  some  additional  mechanism  and  not  ordinary  meandering  motions. 
For  this  reason  these  parts  of  streaks  were  left  out  of  consideration.  The  histoaram 
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obtained  for  Wj^  is  represented  in  figure  9b.  There  is  a  reasonable  resemblance  -etwf  :r.  th*=* 
histograms  at  y+  =  0  and  y+  =  IS. However,  if  the  spanwise  movements  of  streak  backs  wc1 -i 
be  taken  into  consideration  much  longer  spanwise  movements  would  be  observed. 


THE  INTERPRETATION  OF  THE  CONDITIONAL  AVERAGE  OBTAINED  WITH  THE  VITA  CRITERION  APPLIED  TO 
THE  U  SIGNAL 

Conditional  sampling  with  the  VITA  criterion  is  often  used  to  study  processes  m  the 
turbulent  boundary  layer.  Properties  of  the  conditional  average  by  this  method  when  applied 
to  the  streamwise  velocity  signal  U  can  be  found  in  (5),  (6),  (10),  (11)  &  (12)*.  Some  period 
before  t  =  0  near  the  detector  a  low  speed  flow  region  is  present.  This  region  is  very 
elongated  in  the  streamwise  direction  ^  —  6  and  rather  small  in  the  spanwise  and  vertical 
direction  (11),  (12).  Shortly  before  t  -  0  the  velocity  profile  shows  an  inflection  point. 
Near  t  =  0  the  low  speed  flow  is  replaced  by  high  speed  flow  rather  suddenly.  An  explana¬ 
tion  of  this  result  was  proposed  by  Blackwelder  and  Kaplan  (11):  before  t  =  0  a  streak  is 
detected.  This  structure  grows  unstable  (inflection  point  instability)  and  suddenly  the 
streak  is  wiped  out  and  replaced  by  high  speed  fluid.  However,  according  to  hydrogen  bubble 
visualization  streaks  persist  several  burst  periods  (1),  (2).  So  either  the  process  sampled 
with  the  VITA-U  is  not  visualized  by  the  hydrogen  bubble  technique  or  these  results  must 
be  interpreted  differently. 

A  general  discussion  of  errors  for  the  hydrogen  bubble'  technique  was  provided  by 
Schraub  et  al  (14).  In  this  section  we  only  consider  whether  some  structures  are  not 
visualized  by  the  hydrogen  bubble  technique.  It  was  shown  by  the  authors  1 1  >  that  the 
hydrogen  bubble  technique  tends  to  neglect  structures,  that  have  a  small  streamwise 
dimension  or  are  short  living.  The  low  speed  region  obtained  with,  conditional  sampling 
neither  is  too  short  living  nor  has  a  small  streamwise  dimension  so  it  will  be  visualized. 
The  only  elongated  low  speed  flow  patterns  that  are  visualized  in  the  wall  region  are 
streaks;  thus  the  patterns  sampled  with  the  VITA-U  method  before  t  =  C  must  be  streaks. 

The  VITA-U  criterion  essentially  samples  sudden  strong  changes  of  streamwise  velocity. 
Therefore  it  was  postulated  that  the  VITA-U  criterion  samples  spanwise  passages  of  streak 
(1)  across  the  detector  showing  a  sudden  strong  change  of  streamwise  velocity  (see  figure 
1C  a ,  b  ,  c )  . 

This  hypothesis  also  explains  the  finding  of  Blackwelder  and  Har :  tor.id i s  •:  5  '  that  the 
burst  frequency  for  VITA-U  burst  decreases  if  the  hot  wire  length  1*  is  increasing  for 
1+  >  20  since  the  spanwise  streak  dimension  is  the  order  20  '•  'u*  and  hence  for  1*  >  20  the 
features  of  this  structure  are  smeared  out  over  a  larger  spanwise  area. 

This  hypothesis  was  verified  by  Kunen  (1984.-  using  simultaneously  a  pulsating  wire 
at  y*  =  29  and  laser  doppler  anemometry  with  measuring  volume  below  the  sheet  of  bubbles 
at  y*  =  15.  The  VITA-U  cuterion  applied  to  the  laser  doppler  signal  sampled  '37  detections i 
showed:  (1)  a  meandering  low  speed  streak:  60%  of  the  detections;  (2!  streak  backs:  30% 
of  the  detections;  i 3)  a  high  speed  region  followed  by  a  disorderly  low  speed  streak: 
remaining  10%.  These  results  affirm  our  hypothesis. 

However,  one  aspect  remains  to  be  explained.  According  to  our  model  passage  of  a  streak 
across  the  detector  will  sample  two  planes  of  inflection  at  either  spanwise  end  of  a  streak. 
Thus  it  can  be  expected  than  an  ensemble  of  resulting  detections  will  produce  a  symmetric 
conditional  average  profile. 


lOai  Ensemble  average  of  streal  For  types  of  events  sampled  by  tr>e  vi'M-l’  •  riteri'ir 
<•  is  detector)  b)  velocity  si  als  for  the  events  sf 'iwn  in  a.  e.  .'oirpos  1 1  ton  of  the 
'otal  ensemble  average 
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T.-.is  : s  illustrated  in  figure  !  :I  ar.d  il  rotreser.t  dot ions  ' f  a  streak  rev:::- 
eas:  t r. o  detector  froir.  left  to  riaht.  Ilf  arid  IV  represent  the-  reverse  process.  Figure  b 
shows  the  velocity  siqr.al  in  the  case  of  a  symmetric  flow  field  arour.d  the  streak,  L;  and  bi 
show  the  same  velocity  signal  associated  with  the  passage  of  the  same  streak,  only  the  choice 
of  t  =  0  itime  of  detection!  is  di  f  ferer.t .  For  velocity  signal  Lj,  a  declaration  is  detected; 
this  can  be  both  event  I  and  event  III.  Similar  velocity  signal  b2  is  generated  by  event 
II  or  IV.  We  now  add  all  events  of  type  b.  that  are  detected.  They  will  vary  in  intensity 
'-‘max'  anc*  duration  so  we  obtain  c:  for  the  contribution  of  the  events  bi  to  the  total 
ensemble  average.  Since  all  events  are  one  to  one  symmetric  to  an  event  fcj  (passage  of 
the  same  streak) ,  the  contribution  of  the  events  b.  to  the  total  ensemble  average  cz  is 
symmetric  to  C;  hence  the  total  ensemble  average  for  symmetrical  events  is  symmetric. 


II,  t  i’jnal  averajos  :i  ;j  .  *nd  uv  — i  f--r  «*v«*Rts.  detected  is: 

,1-s  wjtli  the  VITA  method:  :•»!  n !  1  cver.is;  i.  p.-f-ft'.s  with  positive  slope; 

events  with  negative  slope.  From  A1  f  i  t.-dssor.  »r-j  Johansson  (|1) 

However,  the  L^tal  ensemble  average  obtained  with  the  VITA-U  cn toner.  :s  r: t 
symmetrical  'see  figure  1  ) )  so  we  must  expect  the  velocity  signal  associated  witr.  -he 
spar.wise  passage  of  a  streak  also  to  be  not  symmetrical.  This  hypothesis  was  tested  m  tr.roo 
different  ways  for  measurements  made  at  y  =  la. 


Fiej.  12;  j  .  l*>  definition  of  j  dependin')  '.r(  t  ho  direction  w^,  cl  averaie  v.»!o*-- 

•  .  f  .  ir.d  "J  for  in  mrerviJs  of  *• 


A )  We  have  compared  the  local  maxima  of  the  streamwise  velocities  or.  either  side  of  a 

streak  as  it  moves  in  the  spanwise  direction  (figures  11  a  &  b).  Figure  12c  shows  the 
average  values  of  b'J',  V*  for  10  intervals  of  -  Figure  --  showed  the  ensemble 
distribution  for  those  intervals;  we  observed  that  for  Wit'  >  4.6  the  ensembles  arc- 
small  and  hence  the  uncertainties  high.  On  the  average  U >  >  U;. 

B,  Cj  We  c  ;mpared  the  spanwise  velocities  adjacent  to  a  high  speed  region  for 

9  ranges  of  the  maximum  streamwise  velocity  in  that  region.  Figure  13a  shows  the 
direction  of  movement  of  the  streaks  if  W,„  (  and  W  are  positive.  In  figure  13b  is 
compared  the  number  of  streaks  moving  towards  the  nigh  speed  region  (W^  >  0  cr 

W  <  0)  with  those  moving  away  from  the  high  speed  region  IW^  <  0  or‘‘‘W^,  >  0)  for 

nine  intervals  of  the  flow  velocity  in  that  region.  In  figure  ‘13c  is  1‘  compared 
the  average  spanwise  velocity  Wmi ,  of  the  streaks  adjacent  to  a  high  speed  region 

for  9  ranges  of  the  streamwise  velocity.  From  figure  lib  we  can  determine  the 
relative  amount  of  streaks  per  interval  by  adding  the  two  distributions:  For  L'^j  <  15 
and  1’jft  >  25  the  ensembles  are  small  and  thus  the  uncertainties  high. 

A  schematic  representation  of  these  results  is  shown  m  figure  14al,  14a2  and  the 
corresponding  velocity  signals  art?  shown  in  figure  libl,  1  * :  2.  Events  with  a  negative  slope 

mainly  concern  streaks  arriving  at  the  detector  at  t  -  0  while  events  with  a  positive  slope 

concern  streaks  at  t  ~  0  leaving  the  detector.  As  in  figure  l/bthe  signals  14bl  and  14b2 
are  identical;  they  show  the  passage  of  the  same  streak,  only  t  -  0  itime  of  detection'  is 
different.  Events  bl  and  b2  occur  with  the  same  frequency.  However,  in  contrast  to  a 
symmetric  velocity  signal.,  for  the  asymmetric  velocity  signal  the  right  slope  is  steeper 
than  the  left  slope.  When  determining  the  total  ensemble  average  we  sample  a  large  set  of 
events  with  varying  slopes.  Thus  in  practice  the  right  slope  will  he  sampled  more  often 
than  the  left  slope.  The  result  is  shown  m  figure  14c.  The  signals  resemble  the  conditions 
average  obtained  with  the  VITA- 1'  criterion  (fiacre  1  i ) . 


similar  as  hydrogen  bubbles  generated  at  the  wall.  Since  all  bubbles  generated  at  the 
bottom  wires  are  collected  in  streaks  probably  in  case  of  a  slightly  heated  wall  streaks 
are  the  patterns  of  high  temperature.  Again  mainly  flanks  of  streaks  will  be  sampled. 


RECOGNITION  OF  VERTICAL  TRANSPORT  IN  PLANE  VIEW 

To  detect  strong  movements  perpendicular  to  the  plane  of  photograph  a  visualization 
technique  was  developed  using  two  colour  illumination.  The  technique  permits  simultaneous 
observation  of  streaks  and  ejections  (or  streaks  and  sweeps).  Most  irnpnr*-art  recti!  t-  Wst 
that  in  plane  view  for  y 'r  <  40  an  ejection  nearly  always  is  coincident  with  a  streak  line 
To  enhance  the  sensitivity  of  the  technique  instead  of  two  colour  illumination,  multi 
colour  illumination  is  used. 

Figure  16  displays  the  main  features  of  the  experimental  set-up.  The  illumination  wa 
achieved  by  a  beam  parallel  in  the  vertical  plane  and  divergent  in  the  horizontal  plane, 
transparent  sheet  with  horizontal  lines  in  different  colours  is  placed  in  this  beam.  The 
flow  field  now  is  illuminated  by  a  light  beam  consisting  of  thin  "layers*"  or  different 
colours  each  with  a  diameter  of  1  mm.  The  wire  is  placed  af  the  interface  blue-red.  A  bub 
with  a  positive  v  velocity  will  traverse  layers  with  colours  red-yellow-green-blue  etc.  w'r.i 
=1  bubble  with  a  negative  v  velocity  will  traverse  layers  with  colours  b  luo- y  re  or. -ye  How-  r 
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pulsating  wire  a*,  y*  -  20.  We  observe  most  vertical  transport  t*. 
streak  region.  In  between  the  streaks  we  observe  a  qreen  patter:, 
transport.  This  pattern  somewhat  resembles  a  pocket  in  stages  I 
Falco.  This  type  of  photographs  show  the  most  direct  evidence  i  r. 
that  all  vertical  upward  transport  in  the  wal.  region  is  concent 
addition  it  is  also  easy  to  observe  the  variation  of  the  lrcvr.si 
motion  along  a  streak.  The  vertical  downward  motion  is  onset ved 
regions  between  the  streaks. 
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SUMMARY 

Unsteady  two-  and  three-dimensional  flow  structure  at  leading-  and  t ra i I i ng-edges  of  bodies  can  be 
characterized  effectively  using  recently  developed  techniques  for  acquisition  and  inte  relation  of  flow 
visualization.  The  techniques  addressed  herein  include:  flow  image-surface  pressure  corre 1  at i ons : 
three-dimensional  reconstruction  of  flow  structure  from  flow  images;  and  interactive  i nterp* e ta i ior.  of 
flow  images  with  theoretical  simulations.  These  techniques  can  be  employed  in  conjunction  with:  vi'ual 
correlation  and  ensemble-averaging,  both  within  a  given  Image  and  between  images;  recognition  of  patterns 
of  flow  structure  from  images;  and  estimates  of  velocity  eigenfunctions  from  images. 


I.  INTRODUCTION 

There  are  a  wide  variety  of  methods  for  visualizing  and  interpreting  flow  phenomena.  The  overviews 
of  Emrichl  and  Merzklrch  et  al^  assess  a  range  of  techniques  Includinq,  for  example:  smoke  and  dye 
injection;  laser-induced  fluorescence;  and  density  gradients  Induced  in  mixing  of  dissimilar  fluids. 

These  methods  have  provided  valuable  insight  into  a  number  of  features  of  the  flow  structure. 

Flow  visualization  using  water  as  a  working  fluid  has  several  advantages.  Perhaps  the  foremost  is 
the  ease  of  marking  and  tracking  fluid  elements  at  relatively  long  time  scales,  i.e.  low  frequencies,  in 
comparison  with  the  corresponding  scales  in  a  gaseous  medium.  If  instantaneous,  as  opposed  to  time- 
averaged,  surface  pressure,  lift,  etc.  in  conjunction  with  the  visualized  flow  structure  is  desired,  then 
the  time  and  length  scales  offered  by  a  water  facility  are  highly  advantageous.  Although  concurrent, 
quantitative  measurement  of  unsteady  velocity  and  pressure  may  be  more  delicate  and  laborious,  judicious 
choice  of  the  most  physically  meaningful  locations  for  measurement  of  the  flow  field,  identified  with  the 
aid  of  flow  visualization,  can  reduce  the  amount  of  effort  In  this  direction. 

Interpretation  of  visualized  steady  flows  is  relatively  straightforward ;  however  thIs  is  not  the 
case  for  unsteady  flows,  especially  for  perturbed  shear  flows.  It  is  well  known  from  linear  stability 
theory  that  there  exist  drastic  gradients  of  amplitude  and  phase  of  fluctuating  velocity  and  pressure 
across  an  unsteady  shear  flow.  As  a  consequence,  the  apparent,  visualized  flow  structure  mav  not  be 
compatible  with  the  actual,  underlying  vortlclty  field  (Hama^;  Lusseyran  and  Rockwell^).  Clearly, 
considerable  care  must  be  exercised  In  interpreting  unsteady  phenomena.  By  proper  choice  of  vi sual i zat ion 
technique,  and  employment  of  simple  theoretical  simulations,  fallacies  of  interpretation  can  he  precluded. 

In  the  series  of  investigations  described  herein,  we  address  techniques  for  implementing  and 
interpreting  a  particular  class  of  flow  visual izat ion  methods:  generation  and  tracking  of  lines  of  element 
marked  at  specified  times,  l.e.  timelines.  Emphasis  is  on:  correlating  the  instantaneous,  visualized  flow- 
structure  with  instantaneous  surface  pressure;  reconstruction  of  three-dimensional  flow  structure  from, 
dual  views  of  the  flow  field;  and  interpretation  of  the  flow  visualization  in  conjunction  with  basic 
classes  of  theoretical  simulation.  In  addition,  possibilities  are  addressed  for:  visual  correlation  and 
ensemb le-averag i ng  of  visualization  images;  pattern  recognition  of  flow  structure  using  Imaoes;  and 
evaluation  of  images  for  determination  of  velocity  eigenfunction  and  vorticity. 


2.  EXPERIMENTAL  TECHNIQUES 

All  experiments  were  carried  out  in  one  of  three  water  channel  systems,  custom  designed  for  studv  uf 
unsteady,  separated  flows.  The  cross-sectional  areas  of  the  test  sections  of  these  channels  ranged  from 
1.5  ft^  to  6  ft*.  In  all  cases,  the  test  sections  were  made  entirely  of  plexiglas  or  glass  to  facilitate 
mu  1 1 i -d 1  mens  I ona I  views  of  the  flow  structure.  Moreover,  all  components  of  the  larqest  channel,  including 
the  test  section  contraction.  Inlet  and  outlet  tanks,  and  all  attendant  piping  are  made  of  plexiglas  or 
PVC  in  ord^r  to  preclude  difficulties  arising  from  system  corrosion. 

Figure  I  shows  an  experimental  arrangement  that  is  qenerlc  to  the  variety  of  techniques  employed  in 
the  fluid  mechanics  laboratory  at  Lehigh  University.  A  platinum  wire,  or  an  arrangement  of  wires, 
generates  hydrogen  bubble  timelines.  The  bubble  lines  or  sheets  are  then  tracked,  recorded,  and 
processed  by  employing:  video  cameras  synchronized  with  the  mainframe  of  the  video  system;  a  digitizing 
system;  and  an  image  processing  system  located  in  the  computer-aided  design  (CAD)  laboratory. 

Using  a  custom-designed  function  generator,  it  is  possible  to  generate  hydroqen  bubble  timelines  of 
desired  frequency  and  width.  Two  stroboscopic  (90  watt)  lights,  interfaced  with  the  mainframe  of  the 
video  system,  illuminate  these  bubble  timelines. 
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Figure  2:  Typical  flow  visualization  photograph  representing  vortex  shedding  in  ant i symmetr I ca 1  mode 
arising  from  streamwise  perturbat ions  of  cylinder.  Also  shown  is  digitized  representation  of  upp*r  half 
of  timeline  pattern  (Ongoren  and  Rockw<11';  Kerstens  and  Rockwell®). 


Visual  correlation  and  ensemble-averaging  of  Images 

Although  correlations  of  velocity  and  pressure  at  a  point,  or  between  two  points,  in  a  flow  field 
have  received  considerable  attention  over  the  past  few  decades,  relatively  little  effort  has  been  devoted 
to  defining  a  more  globally-oriented  correlation  based  on  flow  visualization.  In  doing  so,  it  is  necessary 
to  define  quantitatively  the  elemental  portions  of  a  visual Izatlon  Image.  One  possibility  is  to  define 
the  local  tangent  of  each  of  the  individual  timelines  as  a  function  of  position  along  the  timeline.  This 
local  tangent  Is  termed  the  tangent  angle  function  ${x,y).  If  we  know  the  function  $  along  all  the 
timelines  in  an  image,  we  have.  In  effect,  defined  the  image  on  a  physically  meaningful  basis. 

The  obvious  approach  to  defining  a  correlation  between  two  points  A-l  and  B-l  on  two  different 
timelines  A  and  B  is  to  consider  the  product  of  the  respective  tangent  angle  functions  ^-I^B-I1  However, 
as  shown  by  Kerstens  and  Rockwell®,  this  definition  is  Inadequate,  as  It  cannot  distinguish  certain 
features  of  two  curves  oriented  arbitrarily  with  respect  to  each  other.  Rather,  it  Is  useful  to  employ 
a  correlation  function  based  on  the  difference  between  tangent  angle  functions  Employing  such 

a  definition,  it  is  then  possible  to  define  a  global,  visual  correlation  between  two  timelines  by 
integrating  over  the  spatial  extent  of  the  normalized  timelines.  This  approach  can  lead  to  various  types 
of  auto-  and  cross-correlations  between  defined  regions  of  the  flow  field.  ideally,  ft  would  be  desirable 
to  c-.-ry  out  these  correlations  for  segmented  timelines,  where  a  timeline  Is  broken  into  discrete  segments 
through  use  of  a  segmented  bubble  wire;  then,  by  tracking  these  segments  and  carrying  out  the  afore¬ 
mentioned  visual  correlation,  a  comparison  can  be  made  with  the  measured  vorticlty  field. 

The  visual  average  of  several  successive  Images  follows  from  the  spatial  averages  of  respective 
timelines  in  a  number  of  successive  Images  (Kerstens  and  Rockwell®).  In  selecting  the  Images  to  be 
averaged,  a  physically  meaningful  criterion  must  be  applied.  If  each  of  the  selected  images  corresponds 
to  a  defined  phase  of  an  unsteady  event  within  the  flow,  such  as  an  extreme  displacement  of  a  body, 
then  the  averaging  is  of  the  ensemble-averaging  type.  In  principle,  a  variety  of  sensors,  Including 
pressure  and  velocity  transducers,  can  be  employed  as  a  phase  reference  for  the  ensemble  averages; 
moreover,  an  interesting  possibility  Involves  use  of  a  repetitive,  coherent  portion  of  the  Image  itself 
in  order  to  trigger  the  ensemble-averaging. 

Pattern  recognition  using  images 

In  the  event  that  the  flow  Is  non-perlodlc,  it  Is  useful  to  determine  how  often  certain  large-scale 
features  of  the  flow-structure  occur.  Consequently,  it  is  necessary  to  formulate  a  technique  for  rapidly 
identifying  these  structures  from  flow  Images.  If  a  library  of  basic  types  of  flow  patterns  can  be 
described,  then  comparison  of  visualized  flow  patterns  with  this  library  provides  a  basis  for  characterizing 
the  frequency  of  appearance  of  elemental  types  of  flow  structure.  This  approach  represents  a  type  of 
pattern  recognition. 

A  technique  employed  for  identification  of  machine  parts  (Persoon  and  Fu^)  ,  handprint  character 
recognition  (Granlund1*)  ,  and  recognition  of  aircraft  silhouettes  (Wallace  and  Mitchell1')  Involves 
definition  of  a  library  of  Fourier  descriptors  for  basic  types  of  patterns.  The  Fourier  descriptor  is 
simply  the  Fourier  transform  of  the  tangent  angle  function  q> ,  as  previously  defined.  The  advantage  of 
the  Fourier  descriptor  technique  Is  that  the  curve  description  Is  essentially  Independent  of  orientation, 
position  and  scale  of  the  curve.  Whereas  the  traditional  use  of  the  Fourier  descriptor  technique  Is  for 
closed  curves,  flow  Images  are  typically  made  up  of  open  curves  in  the  form  of  streaklines,  pathlines,  or 
timelines.  Gumas  and  Rockwell^  describe  implementation  of  the  Fourier  descriptor  technique  for  open 
curves  of  the  timeline  type. 


Image  evaluation  for  velocity  eigenfunction  and  vorticlty 

The  displacement  of  a  timeline  over  a  given  interval  of  time  is  related  to  the  flow  velocity. 
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Consequently,  tt  Is  possible  to  relate  the  time  of  flight  of  timelines  to  the  velocity  distribution 
across  the  flow.  In  fact,  Lu  and  Smlth'^  have  shown  that  the  higher  order  statistics  of  a  turbulent 
boundary  layer  can  be  determined  using  this  concept;  this  approach  can  lead  to  insight  beyond  that 
attainable  with  traditional  point  measurements. 

A  primary  advantage  of  the  timeline  technique  is  that  It  gives  Instantaneous  information  across  the 
entire  flow;  It  therefore  leads  to  the  Instantaneous  streamwlse  velocity  component  across  the  flow. 
Consequently,  this  method  Is  well-suited  to  characterizing  flows  for  which  there  are  substantial  gradients 
of  velocity  amplitude  and  phase  in  the  cross-stream  direction.  That  is,  the  local  deflection  of  a  time¬ 
line  will  be  In  accord  with  the  local  fluctuation  amplitude  and  its  relative  phase.  Lusseyran  and 
Rockwel 1^  have  demonstrated  that  this  technique  can  provide  a  reasonable  estimate  of  the  eigenfunction 
of  the  streamwise  velocity  component.  Through  application  of  the  continuity  equation.  It  leads  to 
approximation  of  contours  of  constant  vortlclty  In  an  unstable  wake  flow. 


4.  FLOW  IMAGE  -  SURFACE  PRESSURE  CORRELATION 

In  order  to  determine  the  underlying  mechanisms  that  produce  unsteady  pressure  fluctuations  along  a 
surface,  it  is  desirable  to  correlate  the  instantaneous,  visualized  flow  structure  with  the  instantaneous 
surface  pressure.  One  possibility  Is  to  record  simultaneously  the  visualized  flow  and  the  time-dependent 
surface  pressure  from  a  large  array  of  surface-mounted  transducers.  If  the  flow  structure  Is  highly 
organized  then,  In  principle,  It  is  possible  to  employ  a  single  transducer  switched  to  successive  locations 
along  the  surface.  By  keeping  track  of  pressure  amplitude  and  phase,  the  Instantaneous  pressure  field  can 
be  reconstructed. 

In  acquiring  these  pressure  measurements.  It  is  necessary  to  have  an  appropriate  phase  reference, 
which  can  take  the  form  of  a  second  pressure  transducer  signal,  or  a  hot  film  or  laser  signal, 
appropriately  located  at  the  outer  edge  of  the  mean  shear  layer.  Proper  location  of  this  reference  Is 
necessary  to  avoid  phase  gradients  associated  with  the  fluctuating  field,  as  well  as  high  frequency  noise 
from  the  flow.  In  linking  the  unsteady  surface  pressure  measurements  to  the  visualized  flow  field,  it  is 
necessary  to  determine,  at  a  given  instant,  the  phase  shift  between  the  visualized  flow  structure  and  the 
instantaneous  pressure.  One  possible  technique  for  accomplishing  this  is  to  record  simultaneously  ’ u 
flow  structure  and  the  oscilloscope  trace  of  the  reference  signal  on  a  split-screen  video  system. 

Obviously,  there  are  other  methods  of  Indirectly  determining  this  phase  link. 

Aside  from  the  advantages  of  visualization,  use  of  water  as  a  working  medium  allows  use  of  remote 
transducer  locations,  as  opposed  to  the  classical  surface-mounting  of  transducers.  The  characteristic 
frequencies  of  the  pressure  fluctuations  In  water  are  typically  very  low  -  on  Lhe  order  of  1  Hz.  At 
these  low  frequencies,  the  amplitude  and  phase  distortion  arising  from  locating  the  transducer  away  from 
the  surface  are  Insignificant,  provided  the  connecting  line  between  the  surface  tap  and  the  transducer 
is  properly  designed. 

A  means  of  visually  displaying  the  instantaneous  flow  structure  and  surface  pressure  has  been 
developed  in  our  CAD  laboratory.  First,  the  flow  Images  are  digitized  and  processed.  Then  each  of  these 
images  is,  in  turn,  displayed  with  the  instantaneous  surface  pressure  field.  This  field  is  obtained  from 
cross-spectral  analysis  between  the  surface  pressure  at  a  given  location  and  an  appropriate  phase 
reference.  In  the  following,  we  discuss  cases  where  the  raw,  Instantaneous  visualization  Images,  without 
any  processing  or  enhancement,  are  shown  In  conjunction  with  the  instantaneous  surface  pressure. 

Figure  3  shows  the  Interaction  of  an  incident  vortex  with  an  elliptical  leading-edge.  In  this  case, 
the  vortex  is  generated  In  a  mixing-layer  flow  arising  from  the  inherent  instability  of  the  shear  layer. 

As  a  consequence,  the  process  of  vortex-edge  Interaction  Is  harmonic.  Full  details  of  this  experiment, 
including  the  circulation  and  degree  of  concentration  of  vorticlty  of  the  Incident  vortex, are  given  by 
Sohn  and  Rockwell'*4.  In  the  left  column  of  Figure  3,  the  vertical  hatched  lines  represent  the  amplitude 
envelope,  and  the  closely-spaced  hatched  lines  represent  the  Instantaneous  surface  pressure  fluctuations. 
Considering  the  visual izat ion  in  the  right  column  of  photos  in  Figure  3,  It  Is  evident  that  the  Incident 
vortex  undergoes  substantial  distortion  as  It  encounters  the  leading-edge  region.  Concurrently,  there 
is  local  flow  separation  from  the  leading  portion  of  the  edge,  giving  rise  to  a  small-scale  secondary 
vortex  that  becomes  nested  within  the  Incident  primary  vortex.  The  third  row  of  pressure  -  v i sua 1 1 zat ion 
shows  that  onset  of  flow  separation  Induces  a  local  negative  pressure;  the  fourth  and  fifth  rows  show  that 
this  negative  pressure  region  moves  downstream  as  the  formation  of  the  secondary  vortex  evolves.  It  is 
clear,  especially  from  the  fourth  row  of  Figure  3,  that  there  are  very  large  gradients  of  instantaneous 
pressure  in  the  vicinity  of  the  tip.  In  fact,  maximum  positive  pressure  occurs  at  the  tip  itself,  and 
a  short  distance  downstream  of  that  location,  there  Is  a  maximum  of  negative  pressure. 

Figure  4  shows  the  Instantaneous  loading  and  corresponding  flow  structure  for  the  case  of  a  fully 
turbulent  boundary  layer  separating  from  an  actively-controlled  trai 1 1 ng-edge.  In  this  case,  the 
displacement  perturbat ions  of  the  tra i I ing-edge  are  about  two  orders  of  maanitude  smaller  than  its 
thickness.  Nevertheless,  the  surface  pressure  fluctuations  arising  from  the  edge  perturbations  overshadow 
those  of  the  background  turbulent  flow.  Since  the  first  harmonic  component  of  these  pressure  fluctuations 
is  very  sma 1 1 ,  we  can  represent  the  fluctuating  surface  pressure  as  approximately  sinusoidal,  and  employ 
the  edge  displacement  as  a  phase  reference  In  relating  the  instantaneous  pressure  to  the  flow  structure. 

The  top  row  of  pressure-vt suall zat ion  shows  the  case  of  excitation  at  a  frequency  fe  just  below  the 
natural  shedding  frequency  f q,  and  the  middle  row  at  a  frequency  just  above  It.  From  the  visualization, 
we  note  that  the  Initially  shed  vortex  switches  from  the  bottom  to  the  top  corner  of  the  trail Ing-edge 
as  the  excitation  frequency  Increases.  The  bottom  row  of  pressure-visualization  represents  the  case  of 
excitation  at  a  frequency  well  above  the  natural  shedding  frequency.  It  Is  apparent  that  the  Initial 
vortex  is  still  shed  from  the  upper  surface.  In  fact,  only  when  the  edge  Is  excited  at  a  frequency  near 
that  of  the  natural  shedding  is  a  switch  In  phasing  of  the  initially-shed  vortex  possible. 

In  the  corresponding  pressure  plots,  the  solid  line  and  the  cross-hatched  regions  represent 
respectively  the  amplitude  envelope  and  the  Instantaneous  value  of  the  pressure  amplitude  at  the  forcing 
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Figure  4:  Flow  structure  and  Instantaneous  surface  pressure  Induced  by  oscillating  tra i 1 1 ng-edge.  Approach 
boundary  layer  Is  fully  turbulent  and  pressure  field  is  that  resulting  from  motion  of  edge.  Frequency  fe 
of  excitation  relative  to  frequency  fo  of  shedding  from  stationary  edge  Is:  fe/fo  =  0*87  (top  row);  1.07 
(middle  row);  and  2.0  (bottom  row)  (Staubll  and  Rockwell  5). 


frequency.  Moreover,  within  the  schematic  of  the  edge  are  shown  the  amplitude  envelopes  of  the  fluctuating 
force  Fe  at  the  excitation  frequency  fe  and  the  force  F0  at  the  self-excited  frequency  component  fQ-  The 
vertical  bar  represents  the  instantaneous  location  of  the  force  Fe.  Finally,  the  phase  clock  in  the  upper 
left  of  each  schematic  shows  that  the  force  Fe  lags  the  edge  displacement  ne  at  the  excitation  frequency 
below  the  natural  shedding  frequency  (top  diagram),  while  It  leads  at  a  frequency  above  natural  frequency 
(middle  diagram)  and  again  lags  at  high  excitation  frequency  (bottom  diagram).  For  the  conditions  of  the 
ton  and  middle  diagrams,  the  amplitude  of  the  fluctuating  pressure  rapidly  increases  as  the  corner  fB)  of 
the  edge  Is  approached;  it  goes  to  zero  at  the  middle  of  the  vertical  base  ( BC) .  In  the  bottom  diagram 
this  is  no  longer  the  case,  due  to  the  high  excitation  frequency,  the  none i -cu latory  ("added-mass") 
contribution  to  the  surface  pressure  dominates  tuat  associated  with  shedding  of  vorticlty,  except  in  the 
base  region  BC. 

These  types  of  flow  structure  -  pressure  correlations  have  the  potential  for  providing  insight  into 
the  source  of  unsteady  lift  and  drag  acting  on  bodies;  they  are  currently  being  interpreted  in  this 
context . 


& 
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5.  THREE-DIMENSIONAL  RECONSTRUCTION  FROM  FLOW  IMAGES 


Determination  of  the  Instantaneous  structure  of  1 1  me -dependent ,  three-dimensional  flows  poses  a 
particular  challenge.  By  use  of  a  timeline  marking  technique.  It  Is  possible  to  reconstruct  the  three- 
dimensional  evolution  from  two-dimensional  Images  using  computer-aided  design  methods.  There  are 
basically  two  types  of  approaches:  a  dual-view  method,  where  the  three-dimensional  structure  Is 
determined  from  two  arbitrary  views  of  the  flow  field;  and  a  single-view  method,  involving  acquisition 
of  phase-locked  Images  from  a  single  view  of  the  flow  field. 


Smith  and  Paxson*®  have  constructed  a  single  three-dimensional  surface  by  generating  timelines  from 
a  single  wire  orle  ►ed  in  the  spanwl  se  direction,  and  using  a  two-camera  system  with  two  simultaneous 
views.  Their  stu  ,  -ovides  new  Insight  into  the  character  of  a  turbulent  boundary  layer.  Ongoren  3nd 
Rockwell*?  have  ge,  •*<  '  a  family  of  three-dimensional  surfaces  representing  the  wake  from  a  three- 

dimensional  body  by  emu'  ng  phase-locked  images  of  timelines  from  a  single  view.  In  this  technique, 
the  body  was  subjected  to  ontrolled  oscillations.  Its  displacement  served  as  a  phase  reference,  thereby 
allowinq  definition  of  pi  ose- locked  Images  at  successive  spanwise  planes.  In  the  following,  we  demonstrate 
the  dual-view  method  for  obtaining  three-dimensional  surfaces  representing  separated  flows  from  stationary 
and  oscillating  bodies. 


Figure  5  shows  time  sequences  of  end  and  plan  views  of  a  tip  vortex.  In  generating  these  Images,  a 
one  mil,  kinked  platinum  wire  was  employed.  By  pulsing  the  wire  at  a  desired  time,  and  over  a  defined 
interval,  it  Is  possible  to  reveal  the  principal  features  of  the  flow  structure.  In  the  end  view  of 
Figure  5*  the  pulse  width  Is  relatively  long,  being  initiated  just  prior  to  the  first  photo  and  terminated 
prior  to  the  last  photo.  The  plan  view  of  Figure  5  shows  that  the  free-stream  Is  moving  In  the  downward 
direction.  The  vortex  core  has  a  significantly  lower  axial  velocity  than  that  of  the  free-stream.  In 
these  end  and  plan  views,  it  is.  In  principle,  possible  to  estimate  the  unsteady  velocity  field.  In 
addition,  as  depicted  at  the  bottom  of  Figure  5,  three-dimensional  surfaces  can  be  constructed  using  the 
CAD  system.  The  various  views  shown  therein  are  from  arbitrary  perspectives.  Real  time,  three-dimensional 
simulation  of  the  structure  of  this  tip  vortex  can  be  carried  out  either  on  the  Unigraphics  UG-2  terminal 
or  the  Evans  and  Sutherland  PS-300  terminal  in  the  Lehigh  University  CAD  laboratory. 

Another  class  of  three-dimensional  flows  that  can  be  characterized  effectively  by  the  dual  view 
technique  is  that  generated  by  an  oscillating  delta  wing.  To  illustrate  the  complexity  of  the  flow,  we 
first  consider  a  plan  view  of  a  delta  wing  oscillating  in  pitch  about  its  trai I Ing-edge  (Figure  6). 

Since  the  tip  of  the  delta  wing  undergoes  large  excursions  during  an  oscillation  cycle,  only  limited 
information  can  be  obtained  by  examining  timeline  patterns  from  a  fixed  wire.  A  "flying  wire"  technique 
has  been  developed  (Atta  and  Rockwell*®);  the  platinum  wire  Is  aligned  In  the  spanwise  (z)  direction, 
stretched  between  two  supports  located  well  away  from  the  wing,  and  fixed  to  the  mechanism  that  controls 
the  wing  motion.  Consequently,  the  wire  "flies"  at  the  same  angular  velocity  as  the  wing,  and  provides 
an  Indication  of  the  degree  to  which  the  flow  entering  a  plane  parallel  to  the  wing  passes  below,  as 
opposed  to  above,  the  wing  surface.  For  the  photos  of  Figure  6,  the  wire  Is  at  the  tip.  Moreover,  the 
reduced  frequency  K  “  2wfC/U00  =  l».0,  the  mean  angle  of  attack  o  =  35°  and  fluctuating  angle  of  attack 
Aa  =  10°.  From  quasi-steady  considerat Ions ,  one  expects  the  pattern  of  vortex  formation  to  be  the  same 
at  a  given  value  of  angle  of  attack  a,  Irrespective  of  whether  the  tip  of  the  wing  is  moving  In  the  upward 
or  downward  direction.  Comparison  of  photos  C  and  E,  taken  at  nearly  the  same  value  of  a,  shows  that 
the  flow  structure  Is  markedly  dissimilar.  Evidently,  there  Is  strong  hysteresis  of  the  vortex  rollup 
relative  to  the  wing  motion. 

With  bottom  views  of  the  sort  shown  in  Figure  6,  taken  simultaneously  with  corresponding  end  views, 
it  is  possible  to  reconstruct  the  three-dimensional  character  of  the  flow  on  the  CAD  system.  Figure  7 
shows  three-dimensional  surfaces  obtained  using  the  flying  wire  technique  for  a  similar  experimental 
situation  as  that  of  Figure  7,  l.e.  a  delta  wing  pitching  about  Its  tra i 1 i ng-edge.  (Note  that  the  hidden 
lines  therein  appear  as  solid  lines).  The  top  set  of  photos  shows  three  basic  views  at  relatively  high 
reduced  frequency.  In  this  set,  the  bottom  (plan)  view  shows  that  pronounced  rollup  of  the  sheet 
commences  at  about  one-third  chord  and  extends  to  about  two-thirds  chord.  This  rollup  is  particularly 
evident  in  the  end  view.  Upstream  of  this  region  of  rollup,  there  appear  bulges  of  opposite  curvature. 

In  the  bottom  sets  of  plots,  plan  and  end  views  are  compared  at  the  same  Instantaneous  angle  of  attack. 
Within  each  set,  from  top  to  bottom,  cases  of  static,  moderate  frequency,  and  high  frequency  are  compared. 
Efforts  are  underway  to  relate  basic  patterns  of  three-dimensional  distortion  to  the  concepts  of  hysterisis 
and  vortex  breakdown. 


6.  FLOW  STRUCTURE  INTERPRETATION  FROM  IMAGES:  INTERACTIVE  VISUALIZATION  AND  SIMULATION 


In  any  type  of  flow  visualization  technique,  the  visualized  flow  at  any  location  represents  the 
integrated  history  of  the  marked  fluid  elements.  This  history  extends  from  the  upstream  location  where 
the  flow  Is  marked  to  the  downstream  location  where  the  flow  structure  is  viewed.  This  concept  can  be 
used  In  conjunction  with  simple  theoretical  simulations  of  the  flow  structure  In  order  to  Identify  basic 
classes  of  vortlclty  concentration  and  circulation,  as  shown  by  Lusseyran  and  Rockwell**.  In  essence,  they 
employ  the  velocity  eigenfunctions  from  linear  stability  theory,  in  conjunction  with  the  mean  flow,  to 
provide  simulation  of  the  vortlclty  field  of  an  unstable  wake.  Since,  In  practice,  we  can  often  estimate 
a  priori  certain  features  of  the  mean  flow.  It  should  be  possible  to  estimate  the  local  circulation  of 
the  vortlclty  field  when  flow  visualization  is  Interpreted  in  conjunction  with  such  a  theoretical 
simulation. 

Figure  8  shows  simulation  of  the  timeline  patterns  for  a  fixed-  (upper  diagram)  and  moving-  (lower 
diagram)  timeline  marker  (e.g.,  hydrogen  bubble  wire)  for  the  case  of  a  vortlclty  field  having 
successively  increasing  values  of  dimensionless  circulation  r*  »  1  ,  2 ,  3 .  and  I*.  As  illustrated  in  the 
middle  schematic  of  Figure  8,  the  vortlclty  field,  defined  by  the  concentric  contours  Is  spatial Iv 
periodic.  Moreover,  these  contour*  r*f  constant  v^McIt,  lu^.cse..*  a  nputri'  df  st'i^fance,  l.e.  the 
vortlrlty  Is  neither  amplifying  or  decaying.  The  amplitudes  of  the  vortlclty  contours  are  related  to  the 
overall  circulation;  however,  the  shapes  of  the  contours  are  relatively  Independent  of  the  circulation. 


Figure  7:  Various  views  of  three-dimensional  surface  constructed  from  dual  views  of  oscillating  delta 
wing  using  CAD  techniques.  Original  visualization  data  obtained  from  “flying  wire"  technique  applied  to 
wing  pitching  about  its  trai I Ing-edge.  Top  set  of  views  corresponds  to  relatively  high  reduced  frequency. 
Bottom  sets  of  views  (from  top  to  bottom)  represents  static,  moderate,  and  high  reduced  frequencies.  All 
views  in  this  figure  are  at  the  same  angle  of  attack  (Magness,  Lawson,  and  Rockwell20). 


Figure  8:  Simulation  of  flow  visualization  of  a  periodic  wake  using  concepts  of  in.iscld  stability  theory 
Top  series  of  diagrams  represents  timeline  generation  from  a  fixed  wire  located  at  lefthand  side  of  each 
diagram;  middle  schematic  shows  the  neutral,  spatial ly-periodlc  vorticlty  field;  and  bottom  diagram  shows 
timeline  generation  from  a  wire  moving  at  velocity  U  relative  to  the  free-stream  U  (Lusseyran  and 
Rockwell1').  w 
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In  each  of  the  four  timeline  plots.  Indicated  in  the  upper  part  of  Figure  8,  the  fixed  timeline 
generator  Is  located  at  the  left  side  of  each  plot.  Comparing  these  four  timeline  patterns,  it  is 
evident  that  the  rate  of  "roll-up"  of  the  timelines  Into  a  "vortex"  appears  to  occur  relatively  slowly 
or  rapidly  depending  upon  the  circulation  r  .  The  dots  In  these  diagrams  represent  locations  of  vorticity 
extrema  of  the  vorticity  field  Illustrated  In  the  middle  diagram  of  Figure  8.  The  delay  in  deformation 
of  the  timeline  pattern,  from  an  Initially  vertical  line,  Is  related  quantitatively  to  the  circulation. 

By  knowing  the  distance  from  the  timeline  generator  required  to  turn  an  Initially  vertical  timeline  to 
an  angle  of,  say  45°,  a  direct  estimate  of  the  circulation  follows. 

Further  Interpretation  of  the  flow  structure  follows  from  use  of  a  moving  timeline  generator  as 
Indicated  In  the  bottom  series  of  plots  In  Figure  8.  The  wire  velocity  Uw  In  the  downstream  section  is  a 
given  fraction  of  the  streamwlse  velocity  lie.  In  all  diagrams,  the  vorticity  field  is  the  neutral  one 
given  In  the  middle  plot  of  Figure  8;  the  corresponding  circulation  Is  T*  =  3-  It  Is  apparent  that  the 
apparent  rate  of  roll-up  of  the  timeline  pattern  changes  with  the  value  of  Uw,  even  though  the  vorticity 
field  has  the  same  circulation  In  all  cases.  This  concept  can  be  used  to  our  advantage  to  indirec^'v 
determine  the  circulation  In  conjunction  with  the  aforementioned  flow  simulation.  For  each  value  of  r  , 
there  is  a  unique,  threshold  value  of  U*,  for  which  a  timeline  marker  moves  upstream  of  the  wire.  For  the 
parameters  here.  It  occurs  at  Uw  *  0.8  U*. 

CONCLUDING  REMARKS 

From  the  foregoing.  It  Is  evident  that  there  are  a  wide  variety  of  possibilities  for  quantitatively 
interpreting  flow  visualization  In  conjunction  with  computer-aided  image  processing  and  simultaneous 
acquisition  of  pressure,  lift,  etc.  Central  to  this  approach,  however,  is  a  physically  meaningful  basis 
for  defining  the  image.  In  fact,  if  portions  of  an  Image  or  portions  of  successive  Images  are  to  be 
correlated  with  one  another,  then  It  is  essential  to  have  a  means  of  identifying  these  domains.  In  a 
general  sense.  It  Is  possible  to  generate  an  array  of  streaklines,  pathlines,  or  timelines  in  order  to 
accomplish  this  identification.  However,  one  must  be  aware  of  the  limitations  Inherent  to  flow 
visualization  methods,  namely  that  the  visualized  flow  structure  may  not  necessarily  be  an  accurate 
representation  of  the  underlying,  unsteady  vorticity  field.  Insofar  as  possible,  It  Is  desirable  to 
implement  techniques  that  employ  a  time  of  flight  concept.  That  Is,  even  though  the  velocity  or  vorticity 
may  not  be  directly  evident  from  the  Image,  the  marked  fluid  elements  in  the  Image  should  provide  a  basis 
for  determining  these  central  quantitative  parameters. 
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SUMMARY 

As  a  part  of  a  research  program,  the  flow  field  around  an  operating  ship  propeller 
was  investigated  in  a  water  tunnel,  using  Laser-Doppler-velocimetry .  The  three-  dimen¬ 
sional  velocity  field  was  measured  in  three  planes  at  the  suction  side  and  four  planes 
on  the  pressure  side  of  the  propeller  at  the  design  thrust  coefficient  of  K  =  0,185.  In 
one  of  the  planes  in  the  propellers's  slipstream,  the  measurements  were  repeated  at 
thrust  coefficients  of  K_  =  0.12  and  kt  =  0.25. 

The  velocity  profiles  measured  in  the  propeller's  slipstream  are  compared  with  the 
induced  velocities  derived  from  design  calculations,  and  occurring  deviations  are  dis¬ 
cussed. 

Furthermore,  the  instationary  flow  field  allows  to  study  the  tip  vortices  at  different 
cistances  behind  the  propeller.  The  measurements  yield  a  quantitative  description  of  the 
vortices,  and  the  influence  of  propeller  load  at  the  blade  tips  c.i  geometry  and  intensi¬ 
ty  of  the  tip  vortices  can  be  seen. 
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INTRODUCTION 

Design  procedures  for  ship  propellers  are  based  on  more  or  less  complex  theories. 
Design  calculations  result  in  a  propeller  which  is  supposed  to  satisfy  certain  require¬ 
ments  demanded  before.  Normally  checking  of  propeller  performance  will  be  done  by  model 
tests  as  open  water  tests,  propulsion  and  cavitation  tests.  If  the  experimental  results 
differ  from  the  expected  character i st icr. ,  we  will  assume  the  design  procedure  or  theory 
to  be  inadequate.  Unfortunately,  by  the  mentioned  model  tests  not  all  details  of  the 
interaction  between  propeller  and  the  surrounding  flow  can  be  verified. 
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Within  the  recent  years,  Laser-Doppler-Velocimetry  (LDV)  has  become  a  well-known 
method  for  fluid  mechanic  research.  By  this  technique  it  is  possible  to  investigate 
the  flow  even  in  the  immediate  vicinity  of  an  operating  propeller.  Mean  value  and  time 
dependent  variations  of  fluctuating  velocity  components  can  be  measured.  Hence,  predic¬ 
ted  velocity  distributions  can  be  compared  with  precise  measurements,  and  this  compari¬ 
son  may  give  rise  to  corrections  of  the  design  procedure  or  even  the  theory. 

For  uniform  inflow  to  the  propeller,  the  spatial  distribution  of  flow  velocities  can 
be  derived  from  time  dependent  measurements.  This  gives  the  opportunity  for  a  detailed 
study  of  the  tip  vortice’s  shape  and  development,  if  the  resolution  of  measurements  is 
good  enough . 


EXPERIMENTAL  EQUIPMENT 

The  measurements  were  done  at  HSVA's  medium-sized  cavitation  tunnel,  a  circulating 
water  tunnel  with  a  maximum  water  velocity  of  10  m/s.  Standard  equipment  is  provided 
for  measurements  of  thrust,  torque  and  speed  of  rotation  of  the  investigated  model  pro¬ 
peller.  For  simulation  of  wake  fields,  a  combination  of  wire  screens  and  dummy  models 
can  be  arranged  in  the  measuring  section.  If  omitted,  the  inflow  to  the  propeller  is 
uniform  all  over  the  square  cross  section  of  0.57  m  x  0.57  m  except  for  boundary  layers 
at  the  propeller  shaft  and  the  walls.  At  all  the  four  sides  of  the  measuring  section 
there  are  two  windows  each.  The  LDV-system  is  operating  through  one  of  the  upper  windows 
The  system  is  a  two-channel  dual  beam  backscatter  LDV.  It  allows  simultaneous  measure¬ 
ments  of  two  orthogonal  velocity  components  in  the  plane  perpendicular  to  the  front 
lenses  optical  axis.  Channel  separation  is  done  by  using  two  different  colours  from  the 
spectrum  of  a  5  W  argon-ion  laser  for  the  two  components.  A  detailed  description  of  the 
device  is  given  in  (1),  (2).  The  front  lens  of  the  optical  system  has  a  focal  length  of 

480  mm  in  air,  and  the  laser  beam  pairs  are  focused  down  to  a  diameter  of  70  um  at  the 
measuring  point,  which  is  shaped  by  the  intersection  of  the  beams.  The  measuring  volume 
has  a  length  of  1.1  mm  at  an  intersection  angle  of  7.3°.  The  velocity  is  detected  by 
measuring  the  frequency  of  scattered  light  oscillations  from  small  scattering  particles 
in  the  measuring  volume.  The  oscillations  are  caused  by  an  interference  pattern 
(  " f r inge"-system)  in  the  intersection  point  of  coherent  laser  beams.  The  fringe  spacing 
is  2.85  um  for  the  blue  interference  pattern  and  3.05  um  for  the  green  one.  The  blue 
channel  is  set  up  to  measure  the  velocity  component  in  the  direction  of  the  tunnel  axis, 
the  green  channel  for  the  horizontal  cross-component. 

Positioning  of  the  measuring  point  in  the  y-  and  z-direction  (Fig.  1)  is  done  by  step 
motors  under  computer  control.  Time  for  traversing  is  used  for  storing  data  on  a  floppy 
disc  and  calculating  and  displaying  mean  value  and  standard  deviation  of  the  two  veloci¬ 
ty  components  at  the  point  measured  before.  For  a  propeller  in  uniform  flow,  the  optical 
arrangement  allows  measurements  of  all  three  velocity  components.  The  x-component  is 
measured  anyway,  and  the  y-component  is  identical  with  the  radial  component  for  a  hori¬ 
zontal  profile  and  with  the  tangential  component  for  a  vertical  profile,  cutting  the  pro 
peller's  centre  line.  An  encoder  on  the  propeller  shaft  can  be  connected  to  the  LDV- 
counter  interface,  and  optionally  the  computer  can  combine  ‘.he  velocity  information 
from  each  data  transfer  with  the  present  position  of  the  propeller  blades.  The  encoder 
has  a  resolution  of  3.6°.  In  this  way,  changes  of  velocity  values  -  oscillating  at  the 
blade  frequency  -  can  be  detected.  In  case  of  uniform  inflow  to  the  propeller,  velocity 
measurements  at  a  certain  local  radius  r  for  many  angular  positions  of  the  propeller 
are  equivalent  to  measurements  at  the  same  radius  for  many  angular  positions  of  the 
measuring  point  at  a  fixed  propeller  position.  Hence,  velocity  measurements  with  respect 
to  the  actual  propeller  position  following  a  profile  through  the  propellers's  centre 
line  give  the  velocity  field  all  over  the  measuring  plane  at  a  certain  moment. 


INVESTIGATED  PROPELLER 

The  investigated  propeller  was  designed  especially  for  a  research  program.  The  design 
was  based  on  assumed  operating  conditions  as  they  are  usual  for  a  commercial  ship.  How¬ 
ever,  uniform  inflow  to  the  propeller  was  assumed  in  spite  of  the  fact  that  ship  propel¬ 
lers  normally  operate  in  a  highly  inhomogeneous  wake  field.  This  assumption  is  in  accor¬ 
dance  with  the  task  to  Investigate  the  propeller  induced  additional  velocity  components 
on  the  pressure  side  as  well  as  on  the  suction  side  of  the  propeller.  Allowing  for  an 
inhomogeneous  inflow  field  would  have  enhanced  the  complexity  of  the  problem,  making  it 
impossible  to  separate  the  influence  of  the  propeller  on  the  flow  field  from  other 
effects.  This  fact  was  confirmed  by  a  few  tests  with  inhomogeneous  inflow  which  were 
part  of  the  research  program  but  will  not  be  presented  in  this  paper. 

The  main  operating  conditions  for  the  propeller  were  at  an  advance  coefficient  of 
J  =  0.60,  corresponding  to  a  thrust  coefficient  of  K_  =  0.185.  Most  of  the  tests  were 
performed  under  these  conditions.  The  investigated  model  propeller  has  the  following 
main  dimensions: 

diameter  D  =  260  mm 

number  of  blades  Z  =  4 

pitch  P  =  224  mm 

blade  area  ratio  A  /A  =  0.50 
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A  more  detailed  description  of  the  propeller  geometry  is  given  in  fig.  2  and  in  table  1. 
The  profiles  are  of  NACA  16  type  cambered  by  a  NACA  a  =  0.8  meanline.  Maximum  camber, 
profile  thickness  and  length  are  listed  in  the  above  mentioned  table. 


DESIGN  PROCEDURE 

The  design  of  a  ship  propeller  is  based  on  physical  models  describing  a  single  propel¬ 
ler  blade  as  a  vortex  line  {lifting  line  theory)  or  as  a  vortex  sheet  (lifting  surface 
theory).  Generally  these  models  cannot  describe  all  details  of  the  flow  field  around 
the  propeller  blade.  After  selection  of  the  propeller's  diameter  and  blade  number,  the 
propeller  induced  axial  and  tangential  velocity  components  are  calculated  according  to 
a  presumed  or  given  load  distribution  on  the  propeller  blade,  usually  neglecting  the 
radial  velocity  component. 

Calculation  of  induced  velocities  is  done  by  a  procedure  using  induction  factors 
described  by  H.  Lerbs  (3),  based  on  a  paper  by  H.  Schubert  (4).  This  procedure  yields 
velocity  and  circulation  distributions  over  the  local  radius  r.  The  vortex  distribution 
is  then  replaced  by  profiles  causing  the  same  distribution  of  circulation.  Camber  and 
pitch  of  the  profiles  are  now  determined  by  an  iteration  procedure  based  on  lifting 
surface  theory,  replacing  vortex  lines  by  vortex  sheet  distributions  (5).  Iteration  steps 
are  repeated  until  a  satisfactory  result  is  obtained.  In  a  last  step,  the  calculated 
values  are  examined  and  perhaps  slightly  modified  with  respect  to  practical  experience 
and  manufacturing  requirements. 

Even  the  most  sophisticated  procedures  presently  cannot  descLxue  all  phenomena  with 
a  sufficient  accuracy.  As  an  example,  the  region  close  to  the  blade  tips,  where  a  tip 
vortex  of  circulation  dependent  intensity  is  generated,  is  not  taken  into  account  adequa¬ 
tely.  Hence,  geometrical  outline  has  to  be  supported  by  experience.  Furthermore, 
extremely  inhomogeneous  wake  fields,  occurring  behind  some  single  screw  vessels,  cause 
additional  problems  that  common  calculation  methods  fail  to  solve. 

The  reliability  of  calculation  methods  for  the  propeller  induced  velocity  field  can 
only  be  proved  by  experimental  results.  LDV  -  measurements  of  the  total  velocity  in  the 
flow  field  of  a  propeller  can  enable  design  engineers  to  select  the  calculation  method 
or  theory  that  is  adequate  to  the  problem. 


EXPERIMENTAL  RESULTS 

As  a  basic  model  test  for  determination  of  the  propeller’s  hydrodynamic  properties, 
an  open  water  test  was  done  in  HSVA's  large  towing  tank.  The  results  are  thrust,  tni-gue 
and  efficiency  of  the  propeller  as  functions  of  the  advance  coefficient  J,  as  they  are 
shown  in  non-dimensional  form  in  fig.  3.  The  correct  operating  conditions  for  the  LDV  - 
measurements  can  be  derived  from  this  diagram.  Most  of  the  LDV  -  measurements  were  done 
at  the  design  condition  of  J  =  0.60,  corresponding  to  a  thrust  coefficient  of  KT  =  0.185. 
The  open  water  test  was  carried  out  at  a  Reynolds  number  R  =  6.7-10*'  for  the  profile  at 
the  radius  r/R  =  0.7.  n 

As  an  initial  test  in  the  cavitation  tunnel,  the  shape  of  the  propeller's  slipstream 
was  determined.  This  was  managed  by  positioning  the  LDV  measuring  volume  at  the  tip 
vortex  location,  depressurizing  the  tunnel  until  the  beginning  of  tip  vortex  cavitation. 
The  high  intensity  of  scattered  light  from  the  cavitating  vortex  allowed  a  positioning 
with  an  accuracy  of  t  0.5  mm.  The  slipstream's  diameter  was  measured  at  20  distances 
from  the  propeller.  The  envelope  of  the  slipstream  is  shown  in  fig.  4,  where  also  the 
measuring  planes  for  the  following  LDV  -  measurements  are  marked. 

LDV  -  measurements  of  flow  velocity  were  done  at  7  different  planes,  3  of  them  on  the 
suction  side  and  4  on  the  pressure  side  of  the  propeller.  In  each  of  the  planes,  two  pro¬ 
files  were  measured:  A  vertical  profile  (x  =  xQ,  y  =  0)  to  obtain  the  axial  and  tangen¬ 
tial  component  and  a  horizontal  profile  (x  =  xq,  z  =  0)  yielding  the  radial  and  once  more 
the  axial  component.  Using  the  mentioned  shaft  encoder,  velocity  values  were  separately 
stored  for  100  different  angular  positions  of  the  propeller.  The  distance  between  two 
neighbouring  measuring  radii  had  to  be  selected  individually  in  accordance  with  the  com¬ 
plexity  of  the  flow  field.  On  the  suction  side,  a  distance  of  about  10  mm  gives  an  ade¬ 
quate  resolution.  On  the  pressure  side,  the  distance  was  decreased  down  to  3  mm  in  the 
region  of  tip  vortices.  For  each  radius,  3000  single  measurements  for  the  three  velocity 
components  were  done,  yielding  an  average  of  30  measurements  for  each  anqular  position. 
This  is  sufficient  for  calculating  mean  value  and  standard  deviation.  Fig.  5  shows  mean 
values  of  the  v.locity  components  in  four  planes  on  the  pressure  side  of  the  propeller 
for  a  thrust  coefficient  -  0.185.  Since  the  axial  velocity  was  measured  twice,  a  check 
for  reproducibility  of  the  measurements  could  be  done.  The  deviations  proved  to  be  neg¬ 
ligible.  Fig.  6  shows  the  mean  velocity  values  for  3  measuring  planes  on  the  suction  side 
at  the  same  value  of  K_  =  0.185.  For  3  different  load  conditions  the  mean  velocities  are 
shown  in  f ig .  7 . 

All  velocity  values  are  given  dimensionless,  dividing  them  by  the  axial  velocity  of 
undisturbed  flow,  derived  from  the  tunnel  inflow  velocity  by  a  procedure  according  to 
R.  Wood  and  R.  Harris  (6). 

Mean  values  of  velocity  components  for  any  measuring  radius  are  obtained  from  100 
equidistant  angular  positions  of  the  measuring  volume  relatively  to  the  propeller.  For 
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each  angle  0  the  velocity  values  are  already  mean  values  of  about  30  single  measurements. 
In  fig.  8,  for  some  selected  measuring  points  close  to  the  tip  vortex  the  axial  velocity 
components  at  2  different  operating  conditions  are  plotted  against  the  angular  position  0. 
The  vertical  limits  of  the  plotted  symbols  are  marks  for  positive  and  negative  standard 
deviation  from  the  mean  value  in  the  symbol  centre.  The  time  dependent  velocity  field  is 
periodical  with  the  blade  frequency,  except  for  small  deviations  that  are  due  to  limited 
resolution  and  perhaps  manufacturing  tolerances. 

The  following  figures  show  the  three-dimensional  velocity  field.  Isotaches  are  drawn 
for  the  axial  component,  the  cross  components  are  plotted  as  a  vector  diagram  in  a  plane 
parallel  to  the  propeller  plane.  As  the  symmetry  of  the  velocity  field  was  proved  before, 
only  a  little  more  than  a  quarter  circle  is  plotted.  In  the  vector  diagrams  there  is  one 
vector  plotted  for  each  measuring  point.  The  corresponding  isotaches  are  based  cn  the 
same  number  of  points.  The  measuring  radii  are  marked  on  the  z-axis.  In  any  of  the  figures 
9  through  17,  the  largest  measuring  radius  is  identical  with  the  model  propeller's  radius. 

At  the  propeller’s  pressure  side,  two  subsequent  measurements  had  to  be  combined  for 
each  measuring  plane  because  of  the  large  number  of  radii  and  limited  computer  capacity. 
Therefore,  at  one  radius  the  measurements  had  to  be  repeated  to  obtain  a  correct  connec¬ 
tion  for  the  plots.  In  the  isotach  diagrams  the  separating  radius  is  marked,  and  a  slight 
shift  of  isotaches  crossing  this  line  can  be  seen.  In  the  vector  diagrams  there  is  also 
a  good  accordance  of  the  two  measurements  at  the  same  radius. 

Figures  9  through  11  show  the  velocity  field  at  the  pressure  side  for  the  design  thrust 
coefficient  K_  =  0.185  at  three  different  measuring  planes.  Three  measurements  at  the 
suction  side  at  the  same  K,_-  value  are  shown  in  fig.  12  through  14.  The  influence  of  dif¬ 
ferent  operating  conditions  on  the  velocity  field  0.3  D  behind  the  propeller  can  be  seen 
in  fig.  15  through  17.  Figure  15  shows  the  velocity  field  at  KT  =  0.119,  fig.  16  for  the 
design  value  K_  =  0.185  and  fig.  17  for  K  =  0.251. In  fig.  17,  negative  values  of  axial 
velocities  occur  at  the  tip  vortex,  which1 is  marked  by  using  dotted  lines  for  the  iso¬ 
taches  . 


DISCUSSION  OF  RESULTS 

The  presented  velocity  measurements  can  be  used  to  verify  the  assumptions  that  are 
fundamental  to  the  propeller  design  procedure  as  described  previously.  One  result  of 
design  calculations  is  the  induced  velocity  field  that  the  operating  propeller  is  sup¬ 
posed  to  gen  rate  in  its  fully  developed  slipstream.  For  the  investigated  propeller, 
calculated  mean  values  of  the  axial  and  tangential  velocity  component  are  shown  in  fig. 5-2 
and  5-3,  compared  with  measured  values  at  several  planes  in  the  slipstream. 

The  tangential  component  of  the  propeller  induced  velocity  is  theoretically  predicted 
to  be  zero  at  any  point  on  the  suction  side.  This  is  confirmed  by  the  measurements  as 
shown  in  fig.  6-2,  except  for  the  region  close  to  the  propeller  hub  radius  in  the  plane 
0.1  D  in  front  of  the  propeller.  The  small  tangential  component  is  caused  by  the  boundary 
layer  of  the  rotating  propeller  shaft  and  hub. 

Immediately  behind  the  propeller  plane  (x  =  -0.1  D)  the  calculated  tangential  velocity 
is  in  good  accordance  with  the  measured  values.  At  larger  distances  from  the  propeller 
plane,  the  accordance  is  restricted  to  a  local  radius  of  r/R  *•>  0.4.  The  deviations  at 
smaller  radii  are  caused  by  the  rotating  boundary  layer  close  to  the  hub.  In  the  plane 
x  =  -1.0  D  behind  the  propeller  at  r/R  =  0.08  there  is  an  extremely  large  tangential  com¬ 
ponent  (fig.  5-2),  resulting  from  the  hub  vortex  generated  by  the  free  vortex  system  being 
shed  from  each  blade  root  as  well  as  from  the  blade  tips. 

Significant  axial  components  of  the  induced  velocity  can  be  seen  at  the  propeller's 
suction  side  (fig.  6-3).  The  largest  acceleration  of  flow  occurs  in  the  region  of  the  pro¬ 
peller  plane,  between  x  =  0.1  D  and  x  =  -0.1  D.  The  axial  velocities  reach  their  maximum 
values  at  the  plane  x  =  -1.0  D  behind  the  propeller  (fig.  5-3).  These  values  again  comply 
with  the  calculated  velocities  surprisingly  well.  Only  close  to  the  hub  region  reasonable 
deviations  occur,  similar  to  the  tangential  component.  The  velocity  field  generated  by 
the  propeller  blades  is  superposed  by  the  dead  water  flow  behind  the  hub,  which  is  not 
taken  into  account  by  design  calculations. 

Development  of  the  radial  induced  velocity  also  starts  already  at  the  suction  side. 

The  largest  value  is  reached  close  to  the  propeller  plane,  corresponding  to  the  largest 
acceleration  of  the  flow  in  axial  direction.  Behind  the  propeller,  the  radial  component 
decreases  as  the  contraction  of  the  slipstream  is  going  on,  and  goes  to  2ero  in  the  plane 
x  =  -1.0  D  where  the  slipstream  is  completely  developed,  and  there  is  no  further  con¬ 
traction  ( f ig .  5)  . 

Variations  of  the  operating  conditions  will  produce  different  values  of  induced  velo¬ 
cities,  while  the  character  of  mean  velocity  profiles  remains  similar  to  the  design  con¬ 
dition  profiles  (fig.  7).  The  slipstream's  contraction  is  increased  by  a  larger  value  of 


Figures  9  through  17  allow  a  detailed  view  at  the  velocity  field  surrounding  the  pro¬ 
peller.  All  figures  show  the  number  of  blades  by  symmetry.  The  spiral  movement  of  flow 
in  the  slipstream  can  be  seen  by  the  different  angular  position  of  tip  vortices  in  all 
figures  regarding  the  pressure  side.  The  contraction  of  the  slipstream  can  be  derived 
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from  the  radial  position  of  the  tip  vortex  centre,  reaching  its  minimum  radius  almost  at 
x  =  -0.5  D  already. 

The  constant  angular  position  of  the  maximum  axial  velocity  at  the  suction  side  (fig. 
12-2,  13-2,  14-2)  shows  the  lack  of  rotational  movement  in  front  of  the  propeller.  The 
measuring  plane  x  =  0.1  D  is  situated  close  to  the  propeller's  leading  edge  for  a  local 
radius  of  about  r/R  =  0.4.  The  minimum  of  axial  velocity  at  the  right  hand  of  the  verti¬ 
cal  axis  in  fig.  14-2  is  caused  by  the  influence  of  the  leading  edge’s  stagnation  point. 
This  influence  can  as  well  be  seen  in  fig.  14-1. 


CONCLUSIONS 

The  described  design  procedure  for  ship  propellers  proved  to  be  an  adequate  method  for 
calculation  of  propeller  induced  velocities,  as  far  as  mean  values  are  concerned.  Time 
dependent  velocity  values  were  not  compared  with  calculations,  but  the  experimental  data 
can  be  valuable  for  the  design  of  all  appendages  and  objects  operating  in  a  propeller's 
slipstream,  such  as  rudders,  contra-rotating  propellers,  vane  wheels,  etc..  For  the  des¬ 
cription  of  flow  phenomena,  LDV  -  measurements  can  yield  reliable  data  to  verify  calcu¬ 
lation  methods. 
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APPENDAGES 


Radius 

r/R 
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Length 

mm 

Leading  Edge 
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mm 

Thickness 
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mm 
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ft  is  a  pleasure  to  be  here  at  this  rare  co-mingling  of  workers  in  aerodynamics  and  ship 
hydrodynamics.  I  know  that  Theodore  von  Karman  the  founder  of  AGARD  wanted  your  organization  to 
broaden  their  interests  in  the  marine  direction  and  this  meeting,  I'm  sure,  would  please  him  very  much 
He  would  also  have  to  be  astounded  at  the  advances  which  have  been  made  in  flow  visualization  since  that 
day  75  years  ago  when  aluminum  powder  made  visible  those  unsieady  vortices  of  his  on  the  surface  of 
that  small  open  water  channel  at  Gottingen. 

I  am  an  aeronautics  person,  trained  at  MIT  and  then  employed  in  the  8’  high  speed  tunnel  at 
Langley.  NACA,  I  turned  to  naval  hydrodynamics  in  1950.  I  am  extremely  grateful  for  my  aeronautics 
experience,  and  particularly  in  the  great  and  exciting  laboratory  which  Langley  then  was.  How  better 
could  a  young  engineer  begin  a  career  in  fluid  dynamics  then  to  have  close  contact  with  John  Stack  (to 
whom  we  owe  transonic  developments  then),  Tony  Ferri,  Carl  Kaplan,  Adolf  Busemann.  Clint  Brown,  and 
many  others;  to  participate  in  the  pre-flight  stability  tests  of  the  X-1  and  D558;  to  test  and  analyze  the 
performance  of  swept  and  low  aspect  ratio  transonic  propellers;  and  to  be  part  of  a  small  team  which 
successfully  converted  the  8'  tunne!  to  low  supersonic  operation  (M*1.1;1.2).  It  was  very  exciting  II 
was  also  very  noisy 

In  the  same  way  I  am  grateful  for  my  experience  at  DTMB,  with  its  wonderful  staff  and 
facilities,  which  significantly  advanced  the  depth  and  breadth  of  my  interest  and  knowledge  in  fluid 
dynamics  and  exposed  me  to  an  almost  endless  sequence  of  interesting  and  challenging  problems  in  the 
naval  hydrodynamics.  Having  come  from  the  8'  HST  those  things  which  impressd  me  immediately  at 
DTMB  were  the  quiet  in  the  cavernous  dark  tank  and  the  beautiful  patterns  of  ship  waves  and  wakes 

Today.  I  take  it  as  my  pleasurable  task  here  to  provide  you  with  some  view  of  our  large  and 
diversified  field  of  naval  and  marina  hydrodynamics. 

We  have  now  in  the  marine  field  a  variety  of  problems  to  face,  starting  with  resistance  and 
propulsion,  including  propeller  design  and  operation  in  wakes.  We  have  stability,  control,  and  motion 
problems  inrolving  all  the  usual  phenomena  connected  with  forces  on  bodies,  in  addition  to  free  surface 
effects.  These  include  interactions  between  appendages  such  as  submarine  sails,  control  surfaces,  and 
the  hull  itself,  and  often  involve  very  viscous  phenomena  as  vortex  shedding,  etc  There  is  great 
concern,  too  with  the  self-noise  of  ships  produced  by  the  boundary  layer  on  the  hull  and  sonar  domes, 
by  the  propeller  and  wake,  and  especially  due  to  cavitation,  which  occurs  on  propellers  starting  at 
speeds  of  surface  ships  around  12  knots  or  so;  and  of  course  the  far  field  noise  is  of  profound  naval 
importance.  Ocean  structures  introduce  another  range  of  problems:  wave  induced  loads  and  motions, 
unsteady  vortex  shedding  ,  etc.  The  air-sea  interface  is  altogether  a  difficult,  harsh  environment  In 
addition,  the  submarine,  which  escapes  this  environment  must  often  operate  within  a  vertical  range 
which  is  not  very  large  in  terms  of  its  total  length,  imposing  special  stability  and  control  requirements 

I  cannot  give  you  a  glimpse  of  all  these  problem  areas,  and  there  are  even  more,  so  I  thought 
that  I  would  talk  to  you  mainly  about  ship  resistance  for  several  good  reasons.  First,  since  the  mission 
economics  of  both  the  ship  and  aircraft  are  to  a  large  extent  determined  by  resistance,  it's  very 
important  for  us  to  minimize  this  resistance  to  the  extent  that  it  is  possible  in  the  design  and 
development  phase.  Second,  resistance  is  the  first  subject  which  saw  intensive  work  in  fluid  dynamics 
and  has  led  to  studies  of  varied  basic  complex  phenomena;  the  resulting  understanding  comprises  our 
common  "gene  pool".  And,  finally,  ship  resistance  needs  led  to  the  very  first  establishment  of  modern 
facilities  and  techniques  for  the  estimation  of  full  Scale  performance  by  model  testing  .  This  was  done  by 
William  Froude  between  1859-69,  to  whom  all  of  us  owe  a  very  great  debt. 
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I  would  like  to  indulge  both  in  a  brief  history  of  fluid  resistance,  for  reasons  I  hope  will  become 
apparent,  and  an  update  on  some  recent  selected  advances. 

Let  us  begin  in  the  pre-modern  era.  At  the  beginning,  just  prior  to  1700,  Isaac  Newton  began 
his  studies  of  fluid  resistance  which  he  persisted  in  for  forty  years  or  more,  presumably  because  of  his 
interest  in  the  motion  of  the  celestial  bodies  and  his  desire  to  prove  that  space  was  empty. 
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FIGURE  2. 

His  accomplishments  were  many.  First  of  all,  Newton  postulated  reciprocity  of  relative 
motion,  which  is  the  basis  of  all  wind  tunnel  testing.  Then  he  came  to  the  correct  and  bold  conclusion  that 
the  resistance  of  a  body  to  its  motion  depended  on  the  density  of  the  fluid,  on  the  speed  of  the  body,  and 
upon  the  body's  shape;  furthermore  he  made  the  very  brave  and  basically  correct  assumption  that  the 
resistance  could  be  thought  of  as  due  to  the  sum  of  resistances  due  to  different  physical  effects.  The 
first  of  these  he  said  was  constant  and  due  to  'tenacity*  which  I  think  we  could  relate  to  solid  friction; 
the  second  due  to  what  he  called  'attrition*  and  proportional  to  velocity,  where  attrition  would  seem  to 
be  associated  with  viscosity;  and  the  third  varied  as  the  square  ol  the  speed  as  Huygens  had  already 
measured  and  which  Newton  called  inertial  resistance,  proportional  to  density,  and  related  to  the 
cross-sectional  area  of  a  body.  Newton  pressed  further  to  postulate  that  the  local  inertial  resistance  on 
any  forward  portion  of  the  body  was  proportional  to  the  sine  squared  of  the  angle,  say  a,  between  that 


surface  and  the  direction  ot  motion,  and  was  due  to  what  he  called  the  "shock"  of  the  fluid.  This  ides  was 
based  on  the  model  that  the  fluid  was  ignorant  of  the  motion  of  the  body  until  its  impact  and  that  the 
resulting  local  force  was  due  to  the  deflection  of  the  relative  momentum  of  the  fluid  by  the  local  body 
surface.  We  have  the  larger  picture  today,  that  this  kind  of  effect  doesn't  come  about  until  we  reach 
hypersonic  speeds  when  indeed  the  iluid  ahead  of  the  body  is  ignorant  until  the  last  moment  of  the 
existence  of  a  body,  and  a  simple  rule  like  sin2a  becomes  more  or  less  appropriate.  In  Newton's  theory, 
the  .fterbody  was  not  subject  to  fluid  shock,  and  produced  no  resistance.  The  fluid  shock  tneory  was 
remarkably  persistent  from  its  introduction  around  1700  until  the  late  1800's  in  the  time  of  Froude.  It 
caused  two  difficulties  in  engineering:  in  ship  engineering,  where  it  was  very  harmful  to  ‘gnore  the 
stern;  and  in  aeronautics  where  the  sin2a  drastically  underestimated  lift  for  small  alpha  and 
demoralized  those  who  would  sustain  flight  through  dynamic  lift.  It  was  not  until  Rayleigh,  1876,  that 
the  sina  law  was  calculated  theoretically,  for  a  flat  plate  assuming  full  separation.  This  was  an 
important  achievement  but  it  overestimated  drag  by  far. 

The  interest  and  works  of  two  great  successors  of  Newton  who  worked  in  fluid  dynamics  seems 
to  be  in  great  part  to  have  been  motivated  by  their  interest  in  the  resistance  in  ships  and  in  ship  buildinc 
They  were  D'Alerr.oert  and  Leonard  Euler,  both  of  whom  worked  through  and  until  the  latter  part  of  t,.e 
18th  century.  Euler  published  several  treatises  on  naval  architecture,  the  first  in  1749  and  the  second 
in  1773,  the  latter  entitled  "The  Complete  Theory  of  the  Construction  and  of  the  Maneuvering  of 
Vessels".  He  had  this  to  say  on  the  subject  of  ship  resistance: 

"From  good  models  in  miniature  which  represent  vessels  exactly  as 
they  are,  very  importan'  experiments  upon  the  resistance  of  vessels 
may  be  very  usefully  mai  e,  and  which  is  so  n  h  the  more  necessary 
as  the  theory  upon  the  subject  is  still  so  very  effective." 

You  will  recognize  that  this  statement  is  precisely  true  today  200  ynars  later  although  the  defective 
theor,  of  whic  i  Euler  spoke  is  not  the  same  as  the  defective  tneory  today,  ours  being  much  more 
sophistica'ed.  This  statement  of  Euler's  in  all  probability  reflects  his  struggle  and  frustration  with  the 
application  of  Newtons  shock  rule,  which  on  the  one  hand  Euler  had  trouble  to  fully  reject  but  which  at 
the  same  time  he  stated  explicitly  did  not  at  all  apply  to  the  flow  around  the  stern  of  the  ship,  the  flow 
there  being  more  complicated.  D'Alembert  seems  clearly  to  have  understood  the  importance  of 
experiments  and  in  fact  he  carried  out  together  with  Abbe  Bossut  and  Condorcet  experimental  towing 
studies  in  a  pond  of  the  resistance  of  bodies  which  was  supported  by  the  French  govenment  in  connection 
with  the  resistance  of  ships  in  canals.  He  wrote  in  connection  with  these  tests  that  "the  research  on  the 
resistance  experienced  by  a  solid  body  dividing  a  fluid  is  perhaps  the  most  important  problem  of 
hydrodynamics  both  on  account  of  its  difficulty  and  of  its  applications  to  naval  architecture,  t<f  the 
construction  of  dikes,  of  hydraulic  Machines,  etc."  D'Alembert  would  not  seem  to  have  had  much 
dedication  to  the  sin2ct  theory  of  New  ton.  He  explained  with  his  colleagues  very  matter  of  factly  in  the 
conclusions  of  their  towing  research  that  the  resistance  of  the  fluid  is  sensibly  proportional  to  the  square 
of  the  velocity,  increasing  somewhat  faster  at  higher  speeds;  proportional  to  the  surface  area  of  planes 

normal  to  the  motion;  that  the  rule  for  inclined  plane  resistance  varies  with  sin2a  only  for  angles 
between  50  and  90  degrees  and  must  be  abandoned  tor  lesser  angles;  and,  finally,  that  the  influence  of 
viscosity  is  extremely  small,  particularly  if  the  velocity  is  somewhat  high. 

These  Paris  towing  tests  were  by  no  means  the  first  of  their  kind. 

In  the  200  odd  years  between  Newton  and  Froude  a  large  number  of  individual  model  tests  were 
carried  out  by  a  wide  variety  of  investigators  invariably  utilizing  a  towing  cable  driven  by  a  falling 
weight  as  in  the  case  of  Samuel  Fortrey  in  England  in  1650,  by  Ihe  Society  of  Arts  in  England  in  1761,  by 
Benjamin  Franklin  in  this  country  in  a  table  top  experiment  in  1768,  and  later  in  the  century  by  Mark 
Beaufoy  in  a  very  large  dock,  of  400  foot  length  in  the  period  1 791  -8.  Beaufoy's  tests  included  those  on 
friction  planks  and  were  highly  important  in  quantifying  the  significance  of  frictional  effects  for  the  first 
time  In  the  beginning  of  Ihe  1 9th  century  during  the  period  1834  to  1840  John  Scott  Russell 
investigated  the  resistance  of  ships  in  canals  using  both  horsepower  and  the  falling  weight  system  and  in 
the  process  discovered  what  he  termed  "the  great  primary  wave  of  translation"  which  we  now  celebrate 
as  the  grandaddy  of  the  soliton. 


CABLE  •  FALLIH6  «EI6HT 


.  SAMJEL  FORTREY,  1650  6.B. 

.  SOCIETY  OF  ARTS,  1761  6.B. 

.  BENJAMIN  FRANKLIN,  1768  U.S. 

.  D'ALEMBERT,  ABBE  BOSSUT, 

NAROUIS  CONDORCET,  1775  FR. 

-  NARK  BEAUFOY,  1791-8  6.B. 

(400'  DOCK) 

.  JOHN  SCOn  RUSSELL,  1834-40  6.B. 

FIGURE  J. 


By  the  middle  of  the  19th  century  the  sailing  ship  had  begun  to  be  replaced  by  iron  ships  with 
steam  propulsion.  And  as  time  passed  it  became  increasingly  important  for  ship  designers  to  have 
pre-knowledge  of  the  resistance  of  the  ship  In  order  to  size  the  propulsion  plant.  However,  no  real 
improvement  in  understanding  of  ship  resistance  had  been  brought  about  either  amongst  scientists  or 
engineers.  This,  despite  the  promulgation  of  the  Navier-Stokes  laws  in  the  period  1826  into  the  early 
30's  by  various  scientists  and  of  the  pipe  resistance  tests  of  Hagen  and  Poisseuille  in  about  1840. 

Now  I  invite  you  to  put  yourself  back  in  this  really  miserable  state  of  affairs  and  to  attend  a 
meeting  of  the  Royal  Institute  of  Naval  Architects  in  1870,  chaired  by  the  same  J.  Scott  Russell,  a 
successful  ship  builder,  and  the  inventor  and  very  forceful  proponent  of  an  erroneous  theory  of  ship 
resistance  based  on  his  earlier  observations  of  shallow  water  waves.  Russell,  speaking  from  the  chair, 
is  confessing  to  designing  and  testing  a  ship's  hull  based  on  the  solution  of  Newton's  equation  for  solids  of 
least  resistance;  these  equations  being  derived  from  Newton's  theory  of  fluid  shock,  the  sin2a  law.  The 
subject  of  the  meeting  was  ship  resistance  and,  ironically,  a  major  purpose  was  to  discuss  the  proposal 
of  William  Froude,  a  retired  engineer  and  already  known  for  his  successful  analysis  of  ship  rolling.  The 
British  admiralty  faced  with  the  great  necessity  to  predict  in  advance  the  installed  horsepower  of  its 
new  iron  ships  had  issued  a  "Request  for  Proposals’  for  the  development  of  means  for  such  prediction. 
Froude's  proposal  had  been  approved  in  the  previous  year  and  asked  for  the  construction  and  development 
of  a  model  basin  for  the  scientific  testing  of  ship  models.  The  proposal  was  most  vigorously,  even 
testily  opposed  by  Scott  Russell  at  this  meeting,  as  he  claimed  that  his  own  experiments  did  not  agree 
with  full  scale  results.  The  quiet  and  earnest  Froude  replied  from  the  audience:  "I  did  not  come  here  to 
make  any  long  explanation  to  the  meeting  tonight.  I  see  that  the  feeling  of  the  meeting  is  very  much 
against  experiments  with  models,  but  I  must  say  that  my  own  experience  leads  me  to  judge  quite 
differently.  I  think  why  experiments  with  models  have  hitherto  been  found  to  be  a  failure,  and  have 
misled  those  who  have  made  them,  as  to  the  effect  to  be  expected  with  regard  to  a  full  sized  ship,  is, 
that  attention  has  not  been  paid  to  the  relation  which  should  subsist  between  the  speed  at  which  the  model 
is  moved,  and  the  speed  at  which  the  ship  is  moved." 

Thus  was  publicly  announced  the  first  of  Froude's  great  contributions  to  our  science  of  full-scale 
prediction  and  model  testing.  That  is  the  very  notion  of  similarity  and  of  its  application  to  the  scaling  of 
model  tests  based  on  the  formulation  of  a  non-dimensional  parameter  incorporating  the  governing 
dimensional  quantities. 

The  second  great  contribution  of  William  Froude  to  our  science  was  to  conceive,  develop  and 
construct  literally  with  his  own  hands  the  first  modern  laboratory  devoted  to  model  testing  He  brought 
model  testing  indoors,  replaced  the  falling  weight  system  with  a  towing  carriage  and  rails,  introduced 
the  use  of  models  built  of  hard  paraffin  wax,  and  devised  suitable  cutting  Machines  for  them.  His  original 
model  dynamometer  and  recorder  were  still  in  use  In  Britain  until  1950. 
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As  a  third  contribution,  ha  conceived  and  applied  the  important  concept  of  full-scale  testing  in 
correlation  with  model  tests.  He  first  did  this  in  the  case  of  a  small  ship,  now  famous,  called  the 
Greyhound,  for  the  purpose  of  validating  the  procedures  and  equipment  which  he  had  patiently  developed 
for  model  tests. 

In  order  to  succeed  in  the  successful  prediction  of  ship  resistance  for  model  tests,  it  was  not 
enough,  to  recognize  the  law  of  similitude  and  to  construct  a  towing  tank  witti  its  diverse  equipment;  it 
was  further  necessary  to  understand  the  origin  of  ship  resistance  in  its  various  components  and  the 
necessity  to  scale  these  components  separately.  Herein  lay  the  fourth  great  contribution  of  Froude.  He 
proposed  following  Newton  to  divide  the  resistance  of  a  ship  into  its  separate  sources,  these  consisting 
of  three  items:  surface  friction,  eddy  resistance,  and  wave  resistance.  He  understood  perfectly  the 
importance  of  streamlining  and  of  'easy*  shapes.  His  conception  of  the  eddy  resistance,  as  incidental  to 
surface  friction  and  resulting  in  a  slight  unbalancing  of  perfect  fluid  steamlines  and  pressure,  exactly 
corresponds  to  our  present  view  of  what  we  call  form  resistance.  He  related  the  frictional  resistance  of 
a  ship  hull  to  that  of  a  fine  plank  of  the  same  length  and  area,  empirically  adjusted  for  effects  of  ship 
roughness.  He  also  understood  experimentally  that  the  friction  decreases  with  increasing  length  of 
surface,  (Remember  that  Reynold's  number  of  scaling  had  yet  to  be  invented  and  was  only  related  to  skin 
friction  by  Rayleigh  in  1900.) 

Froude  obtained  a  highly  accurate  fiat-plate  friction  curve  by  towing  fine  planks  of  increasing 
length  in  his  own  model  basin.  Some  60  years  later  in  1934  these  data,  still  in  use  in  model  basins 
throughout  the  world,  were  correlated  with  the  Von  Karman  turbulent  friction  formula  based  on  the 
notion  of  a  self-similar  outer  law  of  the  turbulent  boundary  layer.  This  was  done  by  Karl  Schoenherr  of 
the  experimental  model  basin  in  Washington,  which  had  been  constructed  by  Admiral  David  W.  Taylor  in 
about  189S. 
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Froude’s  importance  in  fluid  mechanics  is  heightened  when  we  realize  that  he  was  in  all 
probability  the  first  scientist  in  our  field  to  reach  systematic  and  deep  correct  conclusions  regarding  the 
physical  nature  of  a  large  area  in  our  field,  in  this  case  fluid  resistance,  almost  entirely  through 
observations  and  measurements  carried  out  systematically.  He  was  almost  casual  in  these  profound 
observations.  For  example,  he  described  how  the  effects  of  friction  on  the  ship  were  confined  to  what  he 
called  a  "belt”  of  fluid  near  the  ship  hull,  thus  pre-dating  Prandtl's  description  of  the  viscous  boundary 
layer  by  over  25  years.  Incidentally,  Froude  made  a  very  important  contribution  to  the  subject  of 
dispersive  wave  phenomena,  a  subject  very  important  in  physics,  with  his  discovery  of  the  phenomena 
of  group  velocity  which  occurred  as  a  result  of  his  observation  of  the  waves  produced  upon  turning  on  a 
wave  maker  which  he  had  developed  for  his  towing  tank,  also  another  first. 

William  Froude  was  much  aided  in  all  his  efforts  by  his  son  Robert  who  continued  them  after  his 
death  in  1879,  ten  years  after  he  began  the  work.  At  his  death  he  was  69  years  old.  By  the  beginning  of 
this  century  there  were  additional  tanks  located  at  Hasler  in  England  (a  naval  laboratory),  in  Washington 
as  I  have  mentioned,  in  Paris  and  in  Berlin.  Tanks  were  involved  in  not  only  resistance  research  but  also 
propulsion  and  testing  of  the  motions  and  turning  properties  of  ships.  At  least  in  Paris  a  large  rotating 
arm  was  installed  for  turning  tests.  Admiral  David  W.  Taylor  had  apprenticed  himself  to  the  British 
laboratory  at  Hasler  for  the  purpose  of  becoming  acquainted  with  the  model  basin  testing  techniques.  He 
was  subsequently  to  build  the  first  important  wind  tunnel  in  this  country  at  the  Experimental  Model  Basin 
in  Washington  and  to  be  a  founder  and  the  first  Chairman  of  the  National  Advisory  Committee  for 
Aeronautics  in  1915  together  with  Jc.ome  Hunsaker,  a  naval  engineer,  designer  of  the  NC-4  seaplanes 
which  early  crossed  the  Atlantic,  and  the  founder  of  the  first  Department  of  Aeronautical  Engineering  in 
this  country  which  was  located  at  MIT  partially  staffed  with  naval  architects.  It  is  not  very  well  known 
that  the  NACA  was  first  organized  under  the  U.S.  Navy.  I  have  been  told  the  story  that  only  a  minor 
administrative  disagreement  between  NACA's  first  (and  longtime)  Secretary,  Mr.  John  Victory,  and  the 
naval  bureaucracy  over  travel  claims,  resulted  in  the  separation  of  NACA  into  a  separate  agency. 

The  first  water  tunnel  of  which  I  have  any  knowledge  was  innovated  in  1895  by  Sir  Charles 
Parsons  of  England,  the  inventor  and  developer  of  the  steam  turbine  for  ship  propulsion,  in  connection 
with  the  study  of  cavitation  on  ship’s  screws.  Subsequently  water  tunnels  of  increasing  size  and 
sophistication  were  to  be  built  in  ship  model  basins  and  laboratories  for  the  testing  of  ship  propellers  and 
for  the  study  of  their  cavitation  characteristics  and  effects.  The  wavemaker  invented  by  Froude  was 
commonly  installed  in  ship  towing  tanks  in  planar  form.  In  the  last  three  or  four  decades  wavemakers  of 
increasing  sophistication  have  been  invented,  and  large  basins  have  been  installed  at  model  basins  for  the 
study  of  not  only  ship  motions  in  confused  seas  but  also  for  the  study  of  offshore  problems  of  various 
kinds.  There  are  probably  90  or  100  important  model  basins  operating  in  the  world  today,  and  no 
greater  compliment  could  be  paid  to  William  Froude  than  the  fact  that  virtually  all  of  these  basins  still 
utilize  the  basic  techniques  and  procedures  conceived  of  and  developed  by  him  for  the  measurement  of 
ship  resistance. 

There  have  been  additional  experimental  techniques  introduced  in  the  resistance  field.  For 
example,  the  transverse  wake  survey  conducted  at  a  short  distance  behind  a  ship  allows  the 
experimental  determination  of  the  total  viscous  resistance,  both  friction  and  form.  Its  real  importance 
for  the  ship  is  to  dissect  the  dynamometer  resistance  and  assign  more  definitely  its  origin  to  various 
sources.  This  use  of  the  wake  survey  is  exemplified  in  a  very  highly  successful  application  by  Baba  in 
Japan  in  1969  who  showed  conclusively  that  the  anomalous  low  speed  residuary  resistance  of  full  ships 
like  tankers  was  not  due  to  wave  making  as  previously  believed  but  to  wave  breaking  around  the  bow 
region  of  the  ship. 


Another  important  technique  involves  the  use  of  a  wave  wire  fixed  in  the  tank  which  produces  a 
longitudinal  sampling  of  the  waves  along  a  track  transverse  lo  the  ship  as  it  passes  the  wire  at  some 
distance  of  beam  and  allows  the  spectrum  of  the  ship's  wave  pattern  to  be  calculated  by  analysis  of  the 
record  and  helps  in  making  modifications  to  the  ship  hull  in  order  to  minimize  the  wave  resistance  of  a 
ship. 


And  of  course  ship  laboratory  instrumentation  has  become  inceasingly  sophisticated.  Few 
serious  towing  carriages  function  today  without  one  or  two  computers  on  board. 

For  more  details  concerning  model  basin  techniques  and  procedures  it  will  be  necessary  to  read 
the  very  large  literature  on  the  subject:  for  example  the  Proceedings  of  the  International  Towing  Tank 
Conference  (ITTC)  and  its  American  counterpart  the  ATTC. 
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FIGURE  S. 

The  connections  between  our  fields  which  are  so  evident  in  history  continue  to  this  day  through 
our  interest  in  closely  related  phenomena  and  common  problems  and  techniques  for  their  solution.  Any 
reasonably  complete  listing  of  these  would  be  drawn  from  broad  categories  including:  resistance 
prediction,  drag  reduction,  loading  predictions,  stability  and  control  analysis,  motion  dynamics, 
propeller  and  jet  design  and  performance,  flow  noise  and  vibration,  facilities  and  experimental 
techniques  and  instrumentation,  computational  theoretical  methods,  and  general  fluid  phenomena.  This 
is  not  the  place  for  a  comprehensive  review  of  these  connections.  A  brief  selected  listing  is  shown. 
Figure  6.  I  cannot  discuss  them  all  here,  for  lack  of  time.  But  they  can  be  illustrated  by  giving,  briefly, 
some  particular  examples  from  my  own  personal  experience.  These  concern:  the  development  of 
supercavitating  flow  theory  and  its  application  to  the  prediction  of  separated  flows;  the  explanation  and 
theoretical  treatment  of  the  transom  resistance  of  fast  ships;  and  the  modeling  of  steady  spilling 
breakers  (breaking  waves  at  sea).  These  all  have  some  connection  or  analogy  with  aerodynamic 
phenomena,  and  that's  why  I've  chosen  them.  They  will  also  give  you  a  taste  of  some  of  the  challenges  in 
naval  hydrodynamics. 


MODERN  DfVEigPTNTS  IN  FIUID  RESISTANCE  (SNIPS) . 


CAVITY  FLOWS  - ,  SEPARATION 

STERN  WAKES  - .  INDUCED  CRAG 

WAVE  BREAKING  — *  COMPRESSION  SHOCK 
CRAG  REDUCTION  (POLYMERS;  SURFACE  MODIFICATION) 
VISCOUS  STERN  FLOWS 
NON-LINEAR  WAVE  THEORIES 


VORTEX  SHEDDING  -  UNSTEADY 


FIGURE  6. 


Cavitation  causes  a  breakdown  in  performance  and  material  erosion  damage  for  even  well 
designed  marine  propellers  when  operated  on  ships,  hydrofoil  craft,  air  cushion  vehicles,  etc.  in  excess 
of  40  or  50  knots.  A  solution  to  this  engineering  problem  was  found  starting  in  about  1955  at  the  Taylor 
Model  Basin  in  the  development  of  the  supercavitating  propeller.  The  blade  sections  of  this  propeller 
operate  with  a  fully  wetted  lower  (pressure)  surface,  but  with  the  upper  surface  fully  immersed  in  a 
vapor  cavity  springing  from  the  leading  edge  and  collapsing  at  a  sufficient  distance  to  the  rear  of  the  toil. 
The  actual  motivation  for  this  development  arose  from  the  need  to  propel  newly  developing  hydrofoil 
craft  and  from  the  development  of  two  dimensional  supercavitating  hydrofoil  theory  which  for  the  first 
time  revealed  quantitatively  how  the  camber  of  the  lower  surface  could  vastly  improve  the  lift/drag 
ratio  of  lifting  foils  operating  in  the  fully  separated  condition  (a  second  order  drag  exists  in  this 
condition).  The  original  low-drag  hydrofoil  theory  (Tulin,  1954)  made  use  of  the  methods  of  linear 
airfoil  theory,  developed  originally  by  the  Prandll  school,  and  therefore  owes  its  origin  to  aerodynamic 
inspiration;  what  was  involved,  though,  was  to  solve  the  unusual  (integral  equation)  problem  where  the 
thickness  and  lifting  parts  of  the  solution  are  closely  coupled.  This  successful  development,  coupled  with 
a  growing  interest  in  foils  and  surface  piercing  struts  operating  in  the  supercavitating  or  ventilated 
condition  (where  the  wake  is  comprised  of  air  rather  than  water  vapor),  led  to  the  intensive  development 
of  theories  for  bodies  with  full  wakes,  including  the  case  of  finite  wakes,  operation  in  tunnels,  near  free 
surfaces,  etc. 

Very  useful  non-linear  models  of  finite  wake  flows  were  developed  in  this  process,  which  can 
result  in  good  predictions  of  the  relationship  between  wake  pressure  and  wake-cavity  length  and  also 
allow  for  the  effect  of  the  final  wake  trailing  behind  the  finite  wake-cavity,  see  Figure  7.  Recently  this 
model  has  been  used  to  treat  the  problem  of  the  prediction  of  stabilized  separated  regions  in 
aero-hydrodynamics,  as  the  closed  re-circulating  separation  region  behind  a  flat  plate  broadside,  or  the 
leading  edge  bubble  formed  on  a  sufficiently  sharp-nosed  airfoil.  The  key  to  understanding  these  flows 
lies  in  the  modeling  of  the  outer  flow  as  a  free-streamline  supercavitating  flow  utilizing  an  advanced 
cavity  closure  model  (single-spiral)  together  with  a  modeling  of  the  inner  flow  as  a  viscous  shear  region 
lieing  in  the  boundary  between  the  potential  flow  outside  and  the  essentially  stagnant  cavity  inside.  Each 
of  these  inner  and  outer  flows  allows  a  separate  calculation  of  the  drag  on  the  body,  and  the  matching 
between  them  is  accomplished  by  matching  the  drags.  The  results  for  two  interesting  cases  for  which 
very  good  data  are  available  for  comparison  are  shown  as  Figure  8;  Tulin  and  Hsu,  "New  Applications  of 
Cavity  Flow  Theory,'  Proceedings.  13th  ONR  Symposium  on  Naval  Hydrodynamics,  Tokyo,  1980, 
National  Academy  Press,  Washington,  D.C.,  pp.  107-131.  So  here  is  an  example  of  how  theory  developed 
originally  for  treating  water  flows  can  be  successfully  utilized  in  aerodynamics. 
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FIGURE  7  -  SPIRAL  VORTEX,  TRAILING  WAKE  MODELS  OF  REAL 
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High  speed  ships  have  evolved  with  blunt  sawed-off  sterns,  called  transoms.  Why  is  this? 
Towing  tests  on  such  ships  show  that  at  high  Froude  numbers,  where  the  wave  drag  is  small,  the 
resistance  of  ships  is  significantly  larger  than  frictional.  What  is  this  high  speed  drag?  Recently,  we, 
Tulin  and  Hsu,  'Theory  of  High  Speed  Displacement  Ships  with  Transom  Sterns,'  Jour.  Ship  Research, 
Vol.  30,  No.  3,  Sept.  1986,  have  undertaken  to  analyze  the  flow  about  high  speed  ships  in  order  to 
answer  these  questions  and  to  provide  theoretical  means  to  optimize  transom  designs.  The  flow  about  a 
slender  ship  at  high  speeds  is  very  similar  to  the  flow  about  a  thin  wing  (no  thickness)  since  the  condition 
of  constant  pressure  on  the  free  surface  tanslates  into  a  condition  that  the  streamwise  velocity 
perturbation  be  zero  on  the  free  water  surface.  The  latter  thus  resembles  the  horizontal  plane  in  which  a 
cambered  wing  of  no  thickness  lies.  In  our  solution  the  ship  is  slender  (it  is  not  assumed  to  be  flat  or 
winglike)  and  the  solution  is  thus  harmonic  in  the  cross  flow  planes  (a  relative  of  Munk's  slender  airship 
theory).  In  the  front  of  the  ship  (region  S1  of  Figure  9)  the  flow  adjusts  to  the  ship’s  shape  through  a 
spray  sheet  (region  S2).  The  fascinating  revelation  of  the  theory  is  that  a  vortex  wake-like  flow  exists 
behind  the  ship  (region  Sj)  giving  rise  to  a  separate  source  of  resistance,  directly  associated  with  the 
transom  shape.  This  high  speed  transom  resistance  is  exactly  analogous  to  the  induced  drag  of  a  wing.  In 
the  wing  case,  the  wake  and  drag  is  determined  by  the  spanwise  distribution  of  lift,  while  for  the  ship  it 
is  determined  by  the  shape  of  the  waterline  intersection  of  the  hull  aft  of  the  maximum  section  and  by  the 
sternwise  slope  of  the  hull  directly  at  the  transom. 

Waves  break  at  sea  in  almost  any  significant  wind;  breaking  is  also  always  observed  near  ships, 
both  at  the  bow  and  along  and  near  the  hull,  which  is  in  full  scale  usually  surrounded  by  white  water. 
What  is  the  flow  like  in  a  spilling  breaker?  How  can  it  be  modeled  quantitatively?  Experimental  studies 
of  spilling  breakers  caused  by  a  near  surface  but  submerged  two-dimensional  hydrofoil  have  been  carried 
out  at  Hydronautics,  Inc.;  see  Duncan,  'An  Experimental  Investigation  of  Breaking  Waves  Produced  by  a 
Towed  Hydrofoil,’  Proc.  R.  Soc.  London  A,  Vol.  377,  pp.  331-348,  1981;  and  Duncan,  'The  Breaking  and 
Non-Breaking  Resistance  of  a  Two-Dimensional  Hydrofoil,'  J  Fluid  Mech  Vol.  126,  pp.  507-520,  1983. 
Duncan  utilized  light  slit,  flow  visualization  techniques  which  made  visible  both  the  breaker  riding  on  the 
front  of  a  wave  (surf-rider)  and  the  turbulent  wake  trailing  behind  it  on  the  free  surface,  Figure  10. 
Recently  in  the  Ocean  Engineering  Laboratory  at  UCSB,  we  have  succeeded  to  model  the  breakers  and  to 
provide  theory  predicting  its  effect  on  the  following  waves  (Duncan  had  observed  experimentally  that  the 
larger  the  breaker,  the  weaker  the  following  wave).  In  this  theory,  Tulin  and  Cointe,  'A  Theory  of 
Spilling  Breakers,*  Proceedings.  1 6th  ONR  Symposium  on  Naval  Hydrodynamics,  Berkeley,  Ca.,  July 
1988  National  Academy  Press  (in  press),  Washington,  D  C.,  the  outer  potential  flow  is  an  incoming  wave 
on  which  a  pressure  is  imposed  equivalent  to  the  weight  of  the  breaker  and  its  effective  wake.  This 
imposed  pressure  tends  to  cancel  the  incoming  wave  and  results  in  its  supppression.  But,  how  is  the 
distribution  of  pressure  to  be  determined?  This  is  done  by  utilizing  an  inner  flow  model  in  which  an 
essentially  stagnant  eddy  sits  on  the  forward  face  of  the  wave  in  a  surf-riding  mode,  held  there  by  (he 
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underdoing  friction  acting  in  the  shear  zone  between  the  eddy  and  underlying  wave  flow.  The  entire  flow 
can  be  analyzed  by  utilizing  a  momentum  flux  balance  across  the  breaker,  taking  into  account  the 
resistance  of  the  eddy.  To  make  an  analogy  with  normal  shock  waves,  the  eddy  acts  as  the  viscous  flow 
within  the  shock  itself  to  deplete  the  energy  of  the  Incoming  flow  (wave),  resulting  in  a  less  energetic 
rearward  flow  (wave).  Figure  11. 
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FIGURE  II  -  cowrfn  HAVE  PROFILES 


I  hope  these  brief  remarks,  both  the  history  and  the  personal  examples  of  research,  have 
adequately  expressed  the  great  bond  and  bridge  between  our  two  fields.  My  own  personal  experience  has 
been  that  life  In  research  is  much  enhanced  by  breaking  down  artificial  walls  between  fields  and  gaining 
the  pleasure  inherent  in  the  appreciation  and  use  of  good  scientific  knowledge  and  results,  wherever  they 
are  generated. 
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SUMMARY 

This  paper  describes  experiments  to  determine  the  characteristics  of  the  vortices  shed 
from  a  submarine- 1  ike  body  of  revolution  at  an  angle  of  attack  in  a  turn.  The 
experiments  used  a  new  type  of  vorticity  probe  developed  by  Freestone  at  the  City 
University  in  the  United  Kingdom.  The  probe  allows  the  streamwise  vort  ici  tv  t  *  >  hi- 
estiraated  from  simple  pressure  measurements  and  rapid  assessments  of  vortex  position  and 
strength  can  be  made.  The  paper  examines  the  expected  performance  of  the  probe  using  a 
simulation  of  an  ideal  viscous  cored  vortex  and  reports  experience  gained  in  the  design 
and  preliminary  testing  of  the  probe.  Results  of  experiments  to  measure  the  vertex  she  I 
by  a  hydroplane  at  an  angle  of  attack  and  a  body  of  revolution  in  a  turn  are  reported. 
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*c 

longitudinal  distance  from 
quarter  chord  axis 

N/m2 

(positive  down st ream l 

me  rrus 

*R 

distance  from  nose  of  body 

me  t  res 

m/s 

K01 

distance  from  nose  of  body 

to  vtart  of  vo rt<o 

m  /s 

<I32 

distance  from  nose  of  bod\ 

me  t  res 

yB 

to  vortex  shx-rJdlng  point 
location  of  hodv  vortex 

met  re. 

met  res 

relative  to  body  axis  norm^ 
to  plane  of  incident  flow 

1 

me  t  res 

met  rec 

lateral  distance  from 
h  yd  rop 1 ane  root 

metres 

met  roe 

*h  l  ch 

ZB 

location  of  hodv  vortex 
relative  to  body  axis  In 
plane  of  indident  flow 

metres 
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•Zf  vertical  distance  from 

hydroplane  axis  metres 

7.  complex  coord Inate  vMz  metres 

•?.  lireek  Letters 

«i  body  Incidence  radians  or  degrees 

a*;  local  Incidence  at  nose 

aj  local  incidence  ar  tail 

b  n>  <1  roplane  incidence 

f  vortex  strength  or 

circulation  m^/s 

Tv  strength  of  viscous  vortex  m^/s 


6  "radius"  of  vortlcity  probe  metres 

6'  non  dimensional  probe 

radius :  <5  /R* 

2 

e  eddy  viscosity  m  /s 

( x  streamwise  vortlcity  seconds*^ 

^  xO  value  of  Cx  seconds”* 

2 

non  dimensional  vortlcity: 

C * xonon  dimensional  value  of  cx0 

^ xopPreestone  Probe  measurement  _j 

pof  peak  vortlcity  seconds 

0  angular  location  of  vortex 

cen  re  ( 0°  =wl  ndwa rd  side  radians  or 
ISO  “leeward  side'i  dogrons 


r  strength  of  pnt-ntul  v<>rt«*x  m^/s 

>  "pitch"  angle  of  flow 

direction  relative  to  radians 

ronrad  tube  axis  or  degrees 

dv  difference  m  velocity  v 

Ti'asurrd  across  Freestone 
probe  m/s 

Aw  difference  in  velocity  w 

measured  across  Freestone  m/s 

probe 

Introduction 


separation  angle  (Fig  4) 


radl ans  or 
degrees 


arbitrary  constant  (see  Eq  21) 


mass  density  of  water 


1000  Kg/m 
(fresh  water 
1025  Kg /nr3 
(sea  water) 


vortex  core  angle  parameter  radians 


"yaw"  angle  of  flow  relative  radians  or 
to  Conrad  tube  axis  degrees 


Modern  high  speed  submarines  must  operate  in  a  relatively  restricted  layer  of  water  only 
a  few  boat  lengths  in  depth;  if  the  boat  goes  too  deep  It  will  collapse  and  be  lost;  if 
it  inadvertently  comes  to  the  surface  its  presence  mav  he  revealed  to  a  watchful  enemy. 
Adequate  depth  control  is  therefore  of  paramount  importance .  In  addition  the  boat  must 
have  adequate  manoeuvrability  in  the  lateral  as  well  as  the  vertical  plane  to  cope  with 
tactical  situations. 


So  the  submarine  designer  needs  to  be  able  to  predict  the  submerged  manoeuvring, 
stability  and  control  characteristics  of  a  projected  submarine  at  an  early  stage  in  the 
design  process.  The  technlaues  used  at  present  aro  comparable  tn  those  employed  for 
studies  of  aircraft  stability  and  control  characteristics.  An  empirical  mathematical 
model  is  used  to  relate  the  hydrodynamic  forces  and  moments  imposed  on  the  submarine  by 
the  water  to  the  instantaneous  values  of  the  submarine's  velocities,  accelerations  and 
control  deflections. 


The  fluid  forces  and  moments  are  given  in  terms  of  coefficients  or  "derivatives" 
expressing  the  sensitivity  of  each  force  and  moment  to  each  velocity,  acceleration  and 
control  deflection.  The  coefficients  are  usually  determined  from  experiments  in  which  a 
scale  model  of  the  submarine  is  forced  to  follow  some  specified  path  by  a  rotating  arm 
or  a  planar  motion  mechanism.  The  forces  and  moments  necessary  to  sustain  the  motion 
are  measured  and  plotted  as  functions  of  the  imposed  velocities,  accelerations  and 
control  deflections.  Curve  fitting  techniques  are  then  used  to  estimate  the  required 
coefficients.  Non  linear  and  cross  coupling  terms  are  introduced  where  required  to 
improve  the  empirical  representation  of  the  results. 


The  number  of  possible  combinations  of  motions  which  could  be  tested  is  enormous  and  in 
practice  various  simplifications  are  made-  for  example,  the  effect  of  simultaneous  rn  1  l 
and  yaw  rates  has  never,  to  the  authors'  knowledge,  been  investigated  although  this 
combination  of  motion  undoubtedly  occurs  during  many  submarine  manoeuvres.  Many  other 
hydrodynamic  situations  which  are  customarily  ignored  could  be  cited. 


The  manoeuvring  predictions  obtained  by  this  method  are,  of  course,  never  totally 
accurate  and  this  has  led  to  the  parallel  practice  of  testing  complete  free  running 
models  of  submarines  to  measure  their  manoeuvring  performance  directly.  Such  tests 
avoid  many  of  the  problems  of  the  coefficient  based  approach  but  they  suffer  ^rom  their 
own  brand  of  difficulties.  In  particular,  very  complex  self  contained  models  with 
facilities  for  remote  control  are  required  and  most  manoeuvring  basins  are  not  deep 
enough  to  allow  realistic  simulation  of  depth  change  manoeuvres. 


Both  approaches  are  time  consuming  and  expensive.  Typically,  the  process  of  building  a 
model,  testing,  analysing  and  Interpreting  the  results  will  require  several  months  of 
intensive  effort  and  the  use  of  a  good  deal  of  expensive  equipment.  By  the  time  the 
results  are  available  the  design  will,  as  often  as  not,  have  been  changed  for  non 
hydrodynamic  reasons  so  that  the  resulting  manoeuvring  predictions  by  either  method  will 
be  invalid. 
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2.  The  SUBSIM  Program 


SUBRIM  Is  an  alternative  approach  which  is  currently  being  developed  at  the  Admiralty 
Research  Establishment  at  Haslar,  Gosport,  UK.  In  this  model  the  continually  changing 
hydrodynamic  forces  and  moments  acting  on  the  boat  during  the  course  of  a  manoeuvre  are 
calculated  directly  from  a  knowledge  of  the  surrounding  flow  field.  The  flow  model  and 
the  resulting  forces  and  moments  are  updated  at  successive  intervals  of  time  as  the 
manoeuvre  simulation  progresses. 

The  problem  of  simulating  the  separated  flow  field  around  an  arbitrary  shaped  body  is 
the  subject  of  active  research  at  the  present  time  and  progress  is  being  achieved. 
However,  the  practical  implementation  of  these  new  techniques  requires  large  and  fast 
computer  installations  and  even  then  a  single  flow  solution  is  likely  to  require 
several  minutes  of  cpu  time.  Since  it  may  be  necessary  to  compute  the  flow  field 
several  thousand  times  during  a  typical  simulated  manoeuvre,  it  is  clear  that  this  is 
unlikely  to  offer  a  practical  method  for  the  submarine  designer  in  tho  foreseeable 


future.  Some  other  much  faster  and  perhaps  ! 

An  early  version  of  the  mathematical  model 
used  in  SUBSIM  was  described  in  Reference  1. 
Since  that  time  the  program  has  been 
developed  and  refined  but  the  basic  concepts 
remain  unchanged.  Classical  theoretical 
(lifting  line)  techniques  are  used  to 
compute  the  forces  generated  by  the 
submarine's  appendages  (hydroplanes,  rudders 
and  bridge  fin).  Each  appendage  generates  a 
trailing  vortex  which  is  convected  towards 
the  stern  of  the  submarine  by  the  boat’s 
forward  motion  (see  Figure  1).  In  addition 
there  is  a  pair  of  "body"  vortices  which  are 
shed  from  the  hull  when  the  angle  of  attack 
exceeds  a  few  degrees. 

Velocities  in  planes  normal  to  the 
submarine's  axis  are  computed  using 
classical  potential  flow  equations  assuming 
that  the  hull  cross  section  is  circular. 
This  technique  allows  the  computation  of  the 
transverse  velocities  and  hence  the  local 
incidence  and  forces  generated  by  each 
appendage.  The  flow  in  these  transverse 
planes  is  dominated  by  the  vortices  (in 
particular  by  those  shed  from  the  body, 
which  are  often  very  much  more  powerful  than 


ess  rigorous  method  is  required  for  SUBSIM. 


Figure  1 

Typical  Pattern  of  Vortices 
on  a  Manoeuvring  Submarine 


the  appendage  vortices).  It  is  therefore  of  paramount  importance  to  represent  these 
vortices  correctly  and  this  paper  is  concerned  with  model  experiments  to  measure  their 
strength  and  position  on  submarinelike  bodies  in  turning  manoeuvres. 


3.  Ideal  Characteristics  of  Vortices 


3 . 1  Equations  for  an  Inviscid  Vortex 


Consider  a  vortex  lying  along  the  x  axis  as 
shown  In  Figure  2.  The  direction  of  the 
free  stream  velocity  u  Is  taken  as  parallel 
to  the  x  axis  and  the  vortex  induces 
velocities  v  and  w  in  transverse  y-z  planes. 
Figure  3  shows  one  of  these  transverse 
planes  with  the  vortex  located  at  the 
origin.  A  velocity 


q  -  +  w^ 


(1) 


is  induced  at  a  radius 


R 


=/y2  ♦  z2 


metres 


(2) 


from  the  origin. 


Y 


Classical  inviscid  potential  theory  (see, 
for  example,  Reference  2)  gives  the  induced 

velocity  as  Figure  2 

Vortex  Notation 

q  -  T/2ttR  metres/second  (3) 


This  leads  to  infinite  induced  velocity  and  shear  at  the  origin  (see  Figure  3).  In  the 
context  of  the  SUBSIM  computer  simulation  this  will  yield  very  high  Induced  Incidence 
if  a  vortex  is  convected  close  to  an  appendage. 


INVISCID 
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Figure  3 

Vortex  Formulations 
3 . 2  Equations  for  a  Viscous  Vortex 

In  practice  viscous  effects  prevent  these  very  large  velocities  occurring.  The* 
central  part  of  the  vortex  is  believed  to  rotate  more  or  less  as  a  solid  core  with  th< 
Induced  velocity  close  to  the  origin  increasing  linearly  with  the  radial  distant  *roir 
the  axis.  This  may  be  simulated  by  an  empirical  modification  to  .  j  f3). 

P  =  |l  *  e*P  L  -1.26.R'2  ]J  metres/second  (-U 

where  R*  =  P./R*  and  R*  is  the  radius  of  the  viscous  core.  The  exponential  term 

represents  this  effect  by  reducing  the  induced  v!  'r*j  tv  tn  ■/.**  ro  at  th»'  «'■  r  1 1*  1  r  1  :t 

allowing  *hc  velocity  to  approach  its  inviscid  value  at  large  distances  from  th*  or  mi  in. 
The  factor  1  .26  is  introduced  to  ensure  that  the  peak  induced  velocity  occurs  a  t  4h* 
edge  of  the  core,  as  shown  in  Figure  3, 

Eq  (4)  may  be  written  in  complex  Cartesian  terms  as 


ir 


iw  =  |  1  -  exp  -1 . 26 


[Z|2i 

rT  j 


?m  v 

H-nce 


•  •  \ p  [  -1.26  - v — -  .  !  <7  ♦  j  y )  m / 

p;  1 


-TV. 


2r  (  y  2 


I  -  exp  [  -1.26  —  — -  ]  m/sec 


JX. 


2x  (  y  ♦  7  1  ) 

The  vortielty  at  fv  ,7)  is 


1  -  exp  _  -1.26 


r  *  /.;l 
Ri 


m/sec 


(6) 

<7) 


C  '  JV  _  l  .  26 


,  -  -  5-  -  - -  l-»P  [-1.26  i - ——  ]  SPc” 

*y  rR;  l  r; 


<  K) 


or.  in  non  dimensional  terms 

r‘  1  .  2C> 


exp 


r  .  1  2  Ci  R  ' 1  ’ 


x  r  if 

The  non  dimensional  vortielty  is  a  maximum  at  the  origin  (0.0) 


(9) 


(10) 


The  non  dimensional  radius  RV  at  which  vortielty  is  half  the  peak  vortielty  is  given  by 
dividing  Eq  (9)  by  Fq  (10): 


{',/l'xo  =  n-s  =  e,p  I-  -'-2SR 
wh i ch  gives 

RV  *  0.712 


.  2 


0.712 


(11  ) 


3 . 3  Equations  for  the  Core  Radius 


It  remains  to  determine  the  core  radius  R,.  Usually  the  vortex  will  have  been  created 
at  some  point  upstream  (say  by  a  wing  or  a  hydroplane)  and  the  viscous  core  would  be 
expected  to  age  and  grow  as  the  fluid  is  convected  away  from  the  vortex  birthplace. 
Reference  2  (and  many  other  text  books)  give  the  induced  velocity  at  radius  R  after  time 
t  as  2 

q  =  jl  -  exp  metres/second  (12) 
where  f  is  the  eddy  viscosity.  It  follows  that  the  core  radius  Is 


R*  =  «''2.245et  metres  (13) 

Rose  and  Dee  suggested  a  modification  to  allow  for  an  initial  core  radius  R*q  in 
Reference  3: 

R*  =/R*o  +  5.05ft  metres  (14) 

Grow  investigated  the  trailing  vortex  system  behind  a  series  of  model  wings  in  a  wind 
tunnel  In  Reference  4.  The  test  wings  al  1  had  a  NAPA  0012  section  and  included  a  set  of 
rectangular  planform  wings  with  aspect  ratios  varying  from  2.0  to  fi.O.  Reynolds  number 
was  0.35  x  10®.  McCormick,  Tangier  and  Sherrieb  (Reference  5>  found  that  Prow's 
measurements  could  be  fitted  by 

Rh0/c  *  0.02  ♦  0.35  CL  (15) 

or  using  Eq  (11) 

R*0/c  *  0.027  +  0.47  CL  (16) 

3 . 4  Lift  and  Circulation 

The  lift  coefficient  C»  may  be  estimated  for  low  aspect  ratio  surfaces  from  Whicker  and 
Fehlner's  formula  for  the  lift  curve  slope  (Reference  6): 

,  (17) 

_ _ i  .  oua  ^  pc  r  radian 

dB  1.8  ■»  .'4  *  a2 

The  total  circulation  associated  with  a  single  hydroplane  mount  ••d  on  a  plane  wa  1  1  is 
given  by 


•  *  Lh/oUs3  (18) 

where  Sj  is  the  distance  from  the  horseshoe  vortex  to  the  wa  1  1  (see  Reference  7).  For 
elliptic  loading  Reference  7  gives 

Sj  =  n s/4  (19) 


The  total  circulation  is  related  to  the  vorticity  by: 

dy  dz  metres2/second  (20) 


a 


3.5  Body  Vortices 

Figure  4  shows  the  generally  accepted 
understanding  of  the  body  vortices.  When 
the  body  Is  at  an  appreciable  angle  of 
Incidence  (say  to  degrees)  the  boundary 
layer  on  part  of  the  leeward  surface 
separates.  The  location  of  the  separation 
line  may  be  quantified  In  terms  of  a 
"separation  angle"  Oq.  Vorticity  shed  from 
the  boundary  layer  is  convected  away  and 
coal  lesces  to  form  a  somewhat  diffuse  pair 
of  vortices  whose  cores  are  more  or  less 
parallel  to  the  axis  of  the  body.  The 
strength  of  these  vortices  increases  towards 
the  tail  of  the  body  as  more  and  more 
vorticity  is  added.  In  this  respect  the 
body  vortices  have  a  fundamentally  different 
character  from  the  appendage  vortices  which 
have  essentially  constant  strength  (apart 
from  any  variations  due  to  changes  in  lift) 
and  are  much  less  diffuse.  Eventual  ly  the 
vortices  are  shed  from  the  immediate 
vicinity  of  the  body  and  convected  away 
downstream.  After  this  point  the  strength 


VORTEX 

STARTS 


Body  Vortex  Notation 


•*cDiains  constant  because  no  more  vorticity  is  added.  Tf  the  body  is  sufficiently  lone 
•ind/or  the  Incidence  is  sufficiently  high,  further  vortices  wi  1  1  begin  to  grow 
downstream  of  the  shedding  point  and,  in  turn,  be  shed  Into  the  surrounding  fluid.  At 
very  high  angles  of  incidence  an  asymmetric  pattern  of  vortices  may  develop  giving  rise 
to  both  steady  and  fluctuating  side  forces  as  well  as  the  expected  forces  in  the  plane 
of  the  flow.  Fortunately  the  angles  of  Incidence  experienced  by  submarines  do  not 
usually  approach  the  levels  at  which  these  complicated  phenomena  begin  to  occur  and  they 
have  been  specifically  excluded  from  SUBSIM. 

3 . 6  Body  Vortex  Position 

The  aeronautical  literature  contains  accounts  of  many  experiments  to  measure  th* 
location  of  these  vortices.  Some  examples  are  listed  as  References  8-11.  In  general, 
these  experiments  were  intended  to  provide  data  for  use  in  the  design  of  missiles  and 
were  concerned  with  bodies  with  pointed  noses  and  blunt  tails  and  were  often  limited  to 
supersonic  speeds.  Submarines  invariably  have  rounded  noses,  pointed  tails  and  operate 
firmly  in  the  subsonic  regime.  The  missile  data  were  therefore  not  rea 1 1 y  appropriate 
although  the  techniques  used  and  the  general  nature  of  the  results  obtained  were,  of 
course,  of  some  Interest. 

Some  simple  flow  visualisation  experiments  were  therefore  carried  out  to  provide  data  on 
more  appropriate  body  shapes.  Throe  bodies  of  differing  fineness  ratios  wore  tested  in 
the  Circulating  Water  Channel  at  ARF 
(Haslar).  Details  of  the  bodies  are  given 
in  Tables  1  and  2  and  they  are  Illustrated 
in  Figure  5.  Each  body  had  the  same 
distribution  of  radius  relative  to  the 
maximum  radius  and  incorporated  a  lengthy 
parallel  middle  section. 

The  bodies  were  tested  in  rectilinear  flow 
at  angles  of  attack  from  10  to  15  degrees  at 
a  flow  velocity  of  4.6  oetres/second  giving 
a  Reynolds  number  (based  on  length)  of  5.8  x 
10s.  Tt  was  found  that  no  special  measures 
were  necessary  to  make  the  vortices  visible: 
their  presence  was  plainly  revealed  by 
bubbles  in  the  flow  collecting  in  the  cores 
u  ;hnwn  in  Figure  6.  Photographs  of  this 
nature  were  analysed  to  produce  measured 
vortex  trajectories.  Examples  for  Models 
PMH  and  PMI  (fineness  ratios  10.5  and  12.5) 
are  shown  in  Figure  / . 


k  is  a  pa  ameter  relating  the  cross  flow  velocity  -n  the  surface  of  the  body  to  the  free 


stream  cross  flow  velocity  and  Is  Riven  as  a  function  of  the  separation  angle  ^ 
Figure  8.  Figure  9  gives  Fidler’s  proposed  relationship  between  n  and  the  angle 
incidence.  - 


The  integration  between  the  limits  xRj/D  and 
Xpo/D  relates  to  the  axial  distance  over 
which  the  vortex  strength  is  growing  before 
it  is  shed  into  the  surrounding  fluid, 
f'loarlv  the  vortex  strength  at  some  location 
up. .t  ream  of  the  shedding  point  is  given  by 
integrating  up  to  the  appropriate  value  of 
xR/n.  In  general,  submarine  fineness  ratios 
are  such  that  for  moderate  angles  of 
incidence  (say  up  to  10  degrees)  the  viscous 
vortices  are  not  expected  to  be  shed  until 
rhey  reach  the  tai  1  of  the  body.  Hence 
Fidler’s  formula  may  be  used  to  estimate  the 
viscous  vortex  strength  at  any  location 
by  replacing  the  upper  integration  limit  by 

xB/n. 


-  «■*  '5  O 

---  «<-  =  J2S 
■  10° 


Fidler  and  Rateman  point  out  in  Reference  13 
that  there  Is,  In  addition,  a  pair  of 
"potential"  vortices  arising  from  the  normal 
force  generated  on  the  nose  of  the  body. 
They  give  the  potential  vortex  strength  as 

pf/VD  **  7sina(2cosa  ♦  sin2:*)/8  (24) 

For  the  purposes  of  the  StlflSIM  program  it 
was  assumed  that  the  potential  vortex 
strength  grows  at  a  constant  rate  from  bow 
to  stern  until  it  reaches  the  value  given  bv 
*■<!  i  ?4 )  at  the  tail  of  the  body.  In  this 
case  the  potential  vortex  strength  at  a 
location  Xp  is  given  by 

j,/UI>  =  Xpsin«(2cos  '  +  sin2  «)/8L  (25) 

Reference  14  gives  the  axial  location  at 
which  the  viscous  vortices  start  to  develop 


L 


xpi/P  o.fi / tan  t  (26) 

for  /.«•»•<•  Much  Number 

It  the  separation  angle  is  assumed  to  he 
•u dependent  of  Xp  the  parameter  k  is 
constant  and  the  formulae  derived  above 
reduce  to 

UD  =  fcIfi«(2cosa  ♦  Sinloi  (*^) 
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(27)  Figure  ^ 

Vortex  Trajectories  on  Models 


DMH  and  DM  I 
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Figure  9 

Variation  of  Separation  Angle 
with  Angle  of  Incidence 

Eq  (28)  is  plotted  for  three  different 
angles  of  incidence  in  Figure  10  and 
compared  with  the  results  of  experiments 
published  in  References  8-11.  Reasonable 
agreement  is  obtained  by  setting  the 
arbitrary  constant  as 

A  *  0.9  (29) 

3.8  Use  of  Body  Vortex  in  SUBSIM 

The  body  vortex  trajectory  data  shown  in 
Figure  7  were  incorporated  in  the  SURSTW 
program  to  provide  estimates  of  the  vortex 
location  during  simulated  manoeuvres.  Fci 
(28)  was  used  to  estimate  the  body  vortex 
strength. 

Neither  of  these  techniques  could  be 
regarded  as  wholly  satisfactory.  The  vortex 
strength  data  are  largely  based  on 
experiments  at  supersonic  speeds  on  bodies 
of  inappropriate  shape  and  both  data  sets 
were  obtained  in  rectilinear  flow  with  no 
curvature.  A  manoeuvring  submarine's 
turning  circle  diameter  may  well  be  only  a 
few  times  the  boat  length  and  the  angle  of 
incidence  may  vary  appreciably  from  bow  to 
stern.  Clearly  this  curvature  should  be 
taken  into  account  in  these  estimates  and 
this  paper  describes  exneriments  to  measure 
the  characteristics  of  vortices  shed  from  a 
submarine  like  body  in  both  rectilinear  and 
curved  flows. 

Figure  10 

4.  Vortex  Measurements  Body  Vortex  Strength 
4.1  Orthodox  Methods  of  Measuring  Vortices 

The  simplest  method  of  measuring  vortices  tnvolves  the  use  of  a  small  vane  wheel  free  to 
rotate  about  an  axis  aligned  with  the  vortex  core.  Optical  counting  methods  are  used 
to  measure  the  rate  of  rotation  of  the  wheel  which  spins  when  it  is  close  to  the  centre 
of  the  vortex.  This  will  give  an  accurate  measurement  of  the  location  of  the  vortex 
core  but  it  may  be  less  than  adequate  for  determining  the  vortex  strength. 

More  complex  methods  of  measuring  vortices  involve  several  hundred  measurements  of  local 
flow  velocities  and  directions  in  order  to  build  up  a  vector  map  of  the  flow  field 
around  the  vortex.  These  may  be  obtained  from  systematic  traverses  using  hot  wire  yaw 
meters  or  five  hole  pitot  probes.  Such  techniques  require  well  organised  data 
processing  facilities  to  handle  the  enormous  amounts  of  data  produced.  Laser  doppler 
methods  are  now  becoming  available  and  these,  too,  might  be  capable  of  producing  the 
required  information  with  the  penalty  of  high  capital  and  development  costs. 

Consideration  was  given  to  developing  systems  of  this  nature  but  they  were  rejected  in 
favour  of  a  much  simpler  and  more  convenient  technique  proposed  by  Freestone  in 
Reference  15. 
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4 . 2  The  Freestone  Vortlclty  Probe 


Freestone's  vortlclty  probe  Is  a  development 
of  the  Conrad  tube  yaw  meter  Illustrated  In 
Pij;rr  13  Thic  co"c<c+s  of  a  pair  of  tjtal 
head  tubes  whose  faces  are  chamfered  at  an 
angle  of  order  45  degrees.  The  pressure 
dlrterence  measured  across  the  two  tubes  Is 
found  to  be  sensitive  to  changes  in  the  flow 
direction  in  the  plane  of  the  tubes  (ie  the 
angle  y  in  Figure  11)  but  not  to  changes  in 
the  flow  direction  in  the  plane  normal  to 
the  tubes  (the  angle  y  in  Figure  11). 
Freestone  assumed  that  the  response  of  the 
tubes  could  be  written  as 

Pw  -  PL  =  Kip  U2tan  ■  N/m2  ' 

Freestone  found  that  the  calibration  factor 
K  lay  in  the  range  2.47  -  2.72  for  tubes 
chamfered  at  45  degrees.  Presumably  the 
variations  are  caused  by  small  errors  In 
manufacturing  tolerance. 


u/ 


Figure  11 

The  Conrad  Tube  Yaw  Weter 


Figure  12  shows  the  essential  features  of  Freestone’s  vorticity  probe.  Four  Conrad  tube 
yaw  meters  are  arranged  around  a  central  longitudinal  axis.  Suitable  combination  of  the 
pressures  measured  by  the  tubes  yields  a  pressure  difference  which  is  proportional  to 
the  streamwise  vorticity. 


Freestone  showed  that  the  streamwise 
vorticity  is  given,  to  first  order,  by 


=  3w/3y  -  jv/3 z 


(31a  ) 


Aw/ 26  -  Av/26 


(31b) 


A  IP  U 
ToV7  2K6 


seconds 


(31c) 


where  6  is  the  probe  "radius"  as  defined  in 
Figure  12.  IE P  is  the  difference  of  the 
"sum  of  the  odd  numbered  pressures"  and  the 
"sum  of  the  even  numbered  pressures": 


Peta  l  of  Conrod  tube 


•.LP  ■  1  P,  -  I  Pt 
i  odd  i  even 


(32) 


Figure  12 

The  Freestone  Vorticity  Probe 


It  is  convenient  to  connect  al  1  the  odd  numbered  tubes  to  a  common  plenum  chamber  and 
all  the  even  numbered  tubes  to  a  second  plenum  chamber.  Freestone  showed  that,  subject 
to  certain  easily  satisfied  conditions,  the  pressure  difference  between  the  two  plena  is 

AP  *  AIP/4 


and  Eq  (31c)  becomes 


AP  2U 

X 


(33) 


it  its  convenient  to  incorporate  a  pitot  static  tube  on  the  axis  of  the  probe  so  that  the 
dynamic  pressure  and  the  velocity  can  be  measured  at  the  same  time  as  the  vorticity. 

4 . 3  Predicted  Performance  of  the  Freestone  Probe 

If  the  Preestone  probe  is  positioned  at  the  centre  of  the  vortex  tts  output  wi  1  1  bp 
determined  by  Eq  (31b)  with 

Aw  *  -A  v  *  (34) 

where  q^  is  the  induced  velocity  at  a  radial  distance  5  metres.  The  Freestone  probe 
should  therefore  give  an  estimated  non  dimensional  peak  vorticity 

’xop  =  1/¥{'2  U  -  exp(-i.266' 2))  (35) 

where 


A  *  -  6/R* 


(36) 


* 
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Eq  (35)  may  be  rearranged  to  give 

B*/«  *  1//  -.7341oge(-I  trCxop4*/r>  ( 37 ) 


and  this  relationship  is  plotted  in  Figure 
13.  It  allows  the  core  radius  to  be 
estimated  from  measurements  of  the  peak 
vorticity . 


The  true  non  dimensional  peak  vorticity  is 
given  by  Eq  (10).  Relating  this  to  Eq  (35) 
we  obtain  the  ratio  of  the  measured  and  true 
peak  vorticities  in  an  ideal  viscous  vortex: 


xop 

L  ' 

xo 


1  -  exp  (-1.266*  ) 
1.26  6'* 


(38) 


This  relationship  is  plotted  in  Figure  14 
and  suggests  that  the  probe  radius  should  be 
kept  as  small  as  possible  to  minimise  errors 
in  the  estimation  of  peak  vorticity.  For 
example,  a  probe  radius  equal  to  the  core 
radius  would  be  expected  to  underestimate 
the  peak  vorticity  by  over  405.  However,  in 
practice  very  small  probes  may  be 
undesirable  because  the  measured  pressure 


Figure  13 

Vortex  Tore  Radius  Estimation  Diagram 


difference  is  proportional  to  the  probe 

radius  (as  can  be  seen  from  Eq  (33)).  Extremely  sensitive  pressure  transducers  may 
therefore  he  required  for  such  probes. 


The  effects  of  the  finite  size  of  the  Freestone  probe  were  further  studied  using  a 
computer  simulation  based  on  Eq  (31b).  The  program  was  used  to  calculate  the  vorticity 
levels  expected  from  traversing  the  probe  through  an  ideal  viscous  vortex  as  defined  by 
Eq  (4).  Typical  results  are  shown  in  Figure  15.  A  probe  withan  infinitesimal  radius  ! 
gives,  of  course,  an  exact  reproduction  of  the  vorticity.  As  the  probe  radius  is 
increased  (relative  to  the  vortex  core  radius)  the  measured  peak  vorticity  is  reduced  as 
already  shown  by  Eq  (38).  However,  the  vorticity  measurements  obtained  well  away  from 
the  core  are  then  too  high  and  for  very  large  probes  it  may  be  Impossible  to  detect  the 
centre  of  the  vortex.  It  was  also  noted  that  the  simulation  predicted  that  the  probe 
would  produce  a  small  negative  output  at  thp  edge  of  the  vortex. 


Figure  15 

Simulated  Vorticity  Probe  Traverse  through 
Figure  14  an  Ideal  Viscous  Vortex 

Effect  of  Probe  Radius  on  Measured  Peak  Vorticity 

The  program  was  also  used  to  estimate  the  effects  of  probe  size  on  the  validity  of 
integrating  the  measured  vorticity  to  obtain  the  total  circulation  using  Eq  (20).  Probe 
radius  was  found  to  have  surprisingly  little  effect  on  the  result  in  spite  of  the 
failure  of  the  larger  probes  to  detect  the  peak  vorticity.  Evidently  the  high  measured 
vorticity  levels  well  away  from  the  core  are  sufficient  to  compensate  for  this  loss  more 
or  less  exactly. 
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4.4  Design  and  Testing  of  a  Freestone  Probe 

In  order  to  gain  some  practical  experience  a  prototype  Freestone  probe,  designated  probe 
4,  was  manufactured  to  the  design  shown  in  Figure  16.  Probe  radius  was  5  mm.  The 
individual  tubes  were  not  connected  together  so  that  the  performance  of  each  Conrad  tube 
yaw  meter  could  be  determined  by  yawing  the  probe  in  uniform  flow.  Figure  17  shows  a 
typical  set  of  results  obtained  in  the  Circulating  Water  Channel  at  ARE  (Haslar).  These 
confirm  the  relationship  suggested  by  Freestone  in  Eq  (30). 


Figure  16 

Prototype  Vorticity  Probes 


Figure  17 

Conrad  Yawmeter  Calibration 


The  separate  tubes  in  this  probe  required  eight  long  small  bore  plastic  tubes  to 
transmit  the  "vorticity"  pressures  to  external  manifolds  which  were,  in  turn,  connected 
to  the  transducer  located  outside  the  channel.  In  addition,  a  further  pair  of  tubes  was 
required  for  the  pitot  static  tube  pressures.  Since  the  probe  was  used  in  water  it  was 
necessary  to  fill  these  tubes  completely  with  water  to  ensure  that  all  air  bubbles  had 
been  purged  from  each  tube.  Moreover,  the  great  lengths  of  tubes  made  the  response  of 
the  probe  very  sluggish. 


An  improved  5  mm  probe,  designated  probe  B,  was  therefore  manufactured.  In  this  probe 
the  individual  tubes  of  each  yaw  meter  pair  were  connected  to  a  plenum  chamber  within 
the  central  body  of  the  probe.  Only  two  tubes  were  then  required  to  transmit  the 
required  "vorticity"  pressure  difference  to  the  external  pressure  transducer.  These 
tubes  were  of  somewhat  larger  diameter  than  those  used  for  the  prototype  probe  and  the 
response  time  of  the  instrument  was  much  improved. 

It  was  impossible  to  calibrate  the  individual  tubes  in  this  probe  and  a  nominal 
calibration  factor 

K  -  2.5  (39) 

was  assumed  for  all  subsequent  measurements. 
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Subsequent  experience  with  this  probe  showed 
that  it  Rave  spurious  vorticity  readings 
when  yawed  or  pitched  in  a  uniform  flow. 
This  was  attributed  to  small  differences  in 
the  alignment  of  the  yaw  meter  tubes  on  the 
opposite  sides  of  the  probe  and  the  quality 
of  the  finish  of  their  chamfered  ends.  It 
is  also  possible  that  the  wake  of  the 
central  pitot  static  tube  may  have 
interfered  with  the  leeward  yaw  meter  tubes. 
It  was  also  found  in  the  ship  tank 
experiments  (Section  6)  that  the  pressure 
differences  measured  with  this  probe  were 
rather  small. 

A  third  probe,  designated  probe  C,  was 
therefore  manufactured  to  the  same  general 
design  but  with  radius  10  mm.  This  is 
illustrated  in  position  on  the  model  body  of 
revolution  in  Figure  18.  It  was  expected 
that  the  larger  size  would  allow  better 
accuracy  of  manufacture  and  give  greater 
pressure  differences  for  the  same  vorticity 
levels  (see  Eq  (33)). 

5.  Experiments  to  Determine  the  Rehaviour 
of  the  Vortex  5_hed  by  a  Hydroplane  at 
an  Angle"  of  incidence 


Figure  18 

10  mm  Vorticity  Probe  on  Model 


The  5  mm  probe  B  was  tested  in  the  Circulating  Water  Channel  at  ARE  Haslar.  A  simple 
hydroplane,  shown  in  Figure  10,  was  used  to  generate  a  suitable  vortex.  These 
experiments  provided  useful  experience  with  the  new  techniques  required  and  also  yielded 
valuable  information  on  the  behaviour  of  the  vortex  shed  by  a  hydroplane. 


p'l 


Figure  20 
CWC  Rig 


Figure  20  shows  the  experiment  rig  used. 
The  hydroplane  was  mounted  on  the  channel 
wall  close  to  the  upstream  end  of  the 
working  section.  The  vorticity  probe  was 
mounted  on  a  simple  x-y-z  traverse  mechanism 
so  that  it  could  he  positioned  at  any 
selected  location  in  the  channel. 

Hydropl ane 

Pressures  were  measured  using  suitable  differential  pressure  gauges  and  the  signals  were 
processed  on  line  using  a  BBC  Model  B  microcomputer.  This  was  programmed  to  calculate 
the  vorticity  from  Fq  (33)  and  the  local  velocity  from  the  pitot  static  tube 
measurements.  The  program  allowed  the  vorticity  results  from  each  traverse  to  be 
displayed  graphically  on  the  terminal  screen  and  this  facility  was  an  invaluable  aid 
during  the  experiments. 


Figure  19 


Preliminary  flow  visualisation  experiments  were  used  to  reveal  the  location  of  the 
vortex.  This  was  accomplished  by  injecting  air  hubbies  through  a  small  diameter  tube 
upstream  of  the  hydroplane:  the  bubbles  collected  in  the  vortex  core  making  it  plainly 
visible.  It  was  found  that  although  the  vortex  appeared  to  be  auite  steady  immediately 
behind  the  hydroplane  it  became  progressively  more  unsteady  towards  the  downstream  end 
of  the  working  section.  This  appeared  to  be  due  to  a  relatively  high  level  of  large 
scale  turbulence  in  the  channel. 


The  experiments  were  conducted  with  water  speeds  in  the  range  3.0  -  5.0  metres/second 
giving  a  Reynolds  number  range  (based  on  hydroplane  chord)  from  0.44  x  106  to  0.75 
x  10.  Angles  of  incidence  of  10.5  and  20.5  degrees  (leading  edge  up)  were  used  and 
vorticity  traverses  were  completed  at  various  locations  downstream  of  the  hydroplane 
stock  axis.  The  results  of  one  such  traverse  through  the  estimated  centre  of  the  vortex 
are  shown  in  Figure  21  and  Figure  22  shows  a  contour  plot  of  vorticity  obtained  at  this 
downstream  location.  This  shows  an  approximately  circular  vortex  with  a  well  defined 
peak  vorticity  of  about  580  sec-1. 
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Transverse  Distribution  of  Vorticitv 
behind  Hydroplane 

The  positive  vorticity  contours  were 
integrated  to  obtain  the  estimated  total 
circulation  in  the  vortex  (see  tq  (20)  r  = 
0.22  met res^ /second.  This  was  about  77^  of 
the  circulation  expected  from  the  estimated 
lift  of  the  hydrop  1  ane ( Eqs  Il7)-(l9)  V  = 
0.29  metres** /second. 

This  result  was  considered  to  he  quite 
encouraging  in  view  of  the  simple  method 
used  to  estimate  the  hydroplane  lift  and  the 
uncertainties  associated  with  possible 
ambient  vorticity  in  the  flow. 

The  peak  vorticity  was  measured  at  a  number 
of  locations  and  water  speeds  and  the 
results  are  shown  as  a  function  of  the 
vortex  age  (t  =  xc/lJ)  in  Figure  23  .  These 
show  that  the  measured  peak  vorticity  decays 
as  the  vortex  is  convected  downstream.  Eq 
(37)  has  been  used  with  these  results  to 
estimate  the  vortex  core  radius  and  the 
results  are  compared  with  predictions  using 
Eqs  (14)  and  (16)  in  Figure  24. 

Eq  (16)  gives  a  very  good  estimate  of  the 
initial  core  radius  as  the  vortex  is  shed 
from  the  trailing  edge  of  the  hydroplane. 
However,  the  subsequent  growth  of  the  <.  ve 
is  not  well  predicted  by  Eq  (14)  with  any 
value  of  the  eddy  viscosity  .  It  is 
believed  that  this  is  caused  by  the  large 
scale  turbulent  eddies  revealed  by  the  flow 
visualisation  experiments  described  above. 
These  caused  the  vortex  to  meander  as  )  t 
passed  down  the  channel  resulting  in  an 
underestimation  of  the  peak  vorticity, 
giving  overestimates  of  the  core  radius. 
The  estimated  initial  core  radius  will  not 
have  been  affected  very  much  by  this 
phenomenon  because  the  vortex  was  much 
steadier  immediately  behind  the  hydroplane. 

6 .  Experiments  to  determine  the  behaviour 
of  the  vortices  shed  from  a  body  of 
revolution  in  rectilinear  flow 


6 . 1  Introduction 


Although,  as  already  discussed,  the 
investigation  was  concerned  with  the  flow 
around  a  body  of  revolution  In  a  curved 
path,  a  preliminary  set  of  experiments  was 
conducted  in  rectilinear  flow  in  Ho  2  Ship 
Tank  at  ARE  (Haslar).  A  5m  model, 
designated  DOR,  was  used  In  the  experiments. 

This  model  had  a  fineness  ratio  of  8.5  and 
was  geometrically  similar  to  Model  DKF 
described  earlier.  The  model  was  turbulated 
using  standard  pins  placed  near  the  nose  and 
was  generally  tested  at  a  speed  of  2  m/s 
yielding  a  Reynolds  Number  of  1.0  x  106 
based  on  diameter. 
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Figure  22 

Vorticity  Contours  Behind  Hydroplane 


Figure  23 


Decay  of  peak  vorticity 


Figure  24 

Fstimated  Growth  of  Vortex  Core  Radius 


Figure  25 

Schematic  Arrangement  of  Wodel  for  Towing  Tank  Experiments 


The  system  designed  to  traverse  the  Freestone  probe  through  the  vortex  was  fitted  to  the 
model  rather  than  remotely  mounted  from  the  towing  carriage.  This  provided  a  sturdy 
arrangement  which  ensured  accurate  positioning  of  the  nrobe  relative  to  the  body  and 
which  was  suitable  for  use  both  in  the  towing  tank  and  on  the  Rotating  Arm.  However, 
with  such  an  arrangement  there  were  necessarily  interruptions  in  the  smooth  surface  of 
the  body  and  the  probe  remained  aligned  with  the  body  axes  rather  than  with  the 
undisturbed  flow. 


A  general  arrangement  of  the  experimental  rig  is  shown  in  Figure  25  from  which  it  can  be 
seen  that  the  Freestone  probe  was  traversed  radially  from  the  body  along  a  stayed 
circular  strut.  This  strut  was  mounted  in  alternative  positions  along  the  axis  of  the 
body.  Since  the  body  had  circular  sections  it  was  possible  to  arrange  the  strut  to 
rotate  with  segments  of  the  GPP  skin  rather  than  through  slots  in  the  skin.  The  skin 
was  divided  into  four  segments:  a  fixed  nose;  a  rotatable  parallel  mid  body;  a  fixed 
after  body;  and  a  rotatable  tail.  Sliding  seals  were  fitted  at  the  three 
circumferential  .joints  between  the  segments  but  i mperf ect  1  ons  in  the  roundness  and 
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concentricity  of  the  segments  prevented  these  seals  from  lying  flush  with  the  skin  at 
all  points  around  the  circumference. 

The  Freestone  probe  was  traversed  along  the  strut  by  a  lead  screw  rotated  by  a  stepper 
motor  and  its  position  was  monitored  from  a  shaft  encoder.  The  strut  and  skin  segments 
were  also  rotated  by  a  stepper  motor  mounted  inside  the  model  but  their  angular  position 
was  monitored  using  marks  around  the  fixed  and  rotating  segment. 

The  differential  pressure  and  the  pitot  static  pressure  produced  by  the  Freestone  probe 
were  transmitted  via  water  filled  plastic  tubes  to  transducers  mounted  on  the  carriage. 
Careful  consideration  was  given  to  the  design  of  the  strut.  Obviously  it  was  desirable 
to  keep  the  strut  as  small  as  possible  to  minimise  its  intrusion  in  the  flow;  but  it.  was 
also  necessary  to  have  a  strut  stiff  enough  to  minimise  the  bending  caused  by  the  drag 
force  and  the  oscillations  caused  by  its  own  vortex  shedding.  In  addition  the  strut  had 
to  accommodate  the  pressure  tubes  from  the  Freestone  probe  which  were  led  inside  and  on 
into  the  model.  The  19  mm  diameter  stainless  steel  circular  tube  selected  did  not 
oscillate  noticeably  but  proved  to  be  rather  sma 1  1  to  contain  both  the  lead  screw  and 
the  pressure  tubes.  The  use  of  a  streamlined  strut  section  was  rejected  because  of  the 
effect  on  the  general  flow  of  the  lift  that  would  be  generated  from  the  incidence  of  the 
strut  to  the  flow. 

The  pressures  were  measured  from  two  low  range  wet/wet  differential  transducers.  These 
commercially  available  French  built  Elec  Torr  FA64  transducers  were  relatively  large  at 
approximately  100  mm  diameter  but  had  the  advantage  of  being  rugged  so  could  tolerate 
the  high  over-pressure  produced  when  air  was  bled  from  the  1.5  mm  diameter  pressure 
tubes.  The  pitot  pressure  was  measured  using  a  transducer  with  100  mb  range.  However, 
the  pressure  from  the  Freestone  probe  was  considerably  less  so  a  transducer  with  only  a 
10  mb  range  was  used.  Because  this  system  contained  a  relatively  large  volume  of  water 
and  was  flexible,  it  was  found  necessary  to  leave  a  settling  time  of  several  seconds 
between  pressure  measurements  although  the  frequency  response  was  considerably  faster 
than  this. 


?he  measurement  system  was  eased  around  an  Apple  II  europlus  microcomputer  wnich  was» 
used  to;  command  the  stepper  motor  controller,  read  the  encoder;  acquire  the  signals 
from  the  pl’esSUl’e  transducer,  and  operate  o»  the  data.  By  using  such  a  system  it.  was 
possible  to  obtain  data  fi’oiii  up  to  four  probe  positions  during  one  fun  down  the  lank. 
Each  pressure  measurement  was  the  arithmetic  average  of  several  seconds  of  acquired  data 
and  inspection  of  these  data  showed  them  to  contain  a  number  of  pressure  fluctuations 


which  changed  in  character  depending  upou  tin 
core. 

G . 3  Yortlclty  Measurements 

Measuremei)  ts  were  made  at  sections  located 
50",  35%  and  92.5%  of  the  body  length  aft 
from  its  nose  and  at  various  Incidences 
between  5  and  20  degrees  in  pitch. 

Since  the  output  from  the  Freestone  probe, 
when  suitably  processed,  gave  a  direct 
measure  of  the  vorticity  it  was  possible  to 
search  for  the  peak  of  the  vortex  during  the 
tests  without  having  to  map  the  entire  flow. 
The  results  from  a  set  of  traverses  at  the 
tail  of  the  body  are  shown  in  Figure  26  and 
the  position  of  the  peak  vorticity  can  be 
clearly  identified.  However,  because  the 
levels  of  vorticity  measured  were  small,  the 
inaccuracies  in  the  Freestone  probe, 
previously  discu«”Ad  In  section  4.4,  caused 
some  uncertainty  re7*  '•ding  the  extent  of  the 
vortex  and  the  ri’  of  the  measured  peak. 
It  became  clear  rr  ..  measurements  made  away 
from  the  wake  o  ^ne  body,  at  up  to  twice 
the  body  radius  from  its  centre,  that  the 
output  from  the  Freestone  probe  in  zero 
vorticity  varied  with  the  incident  flow 
speed  and  direction.  Corrections  were  made 
for  the  flow  speed  based  on  the  pitot 
pressure  obtained  at  each  position  hut  the 
effect  of  Incident  flow  direction  could  only 
be  assessed  near  the  outer  edge  of  the 
vortex.  These  probe  errors  were 
subsequently  investigated  in  wind  tunnel 
tests  on  the  probe  and  its  design  was 
developed  and  performance  thus  considerably 
improved  prior  to  the  tests  in  curved  flow. 


proximity  of  tut-  measurement  to  the  vortex 
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Figure  26 

Vorticity  Traverses  in  Rectilinear  Flow, 
Xg/L  *  0.925;  3  *  15  degrees 


Information  on  the  vortex  trajectory  obtained  from  earlier  flow  visualisation 
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experiments,  conducted  in  the  Circulating  Water  Channel,  was  used  to  help  in  the  search 
for  the  vortex  centre  and  a  comparison  of  the  results  is  given  in  Figure  27.  It  should 
be  noted  that  the  incidence  to  the  flow  of  15  degrees  was  rather  high  and  subsequent 
investigations  have  given  additional  information  about  the  vortex  positions. 


Tests  at  10  and  20  degrees  of  incidence  showed  the  vortex  position  to  move  slightly  away 
from  the  body  with  incidence  and  for  the  peak  vorticity  to  increase  as  expected. 
However,  no  vortex  could  be  detected  in  this  region  at  5  degrees  incidence,  albeit  from 
only  limited  measurements  near  the  tail  of  the  body. 


- flow  visualisation 

O  VORTICITY  PROBE 


Figure  27 

Comparison  of  Estimated  Vortex  Centres 
from  Towing  Tank  and  Circulating  Water 
Channel  Experiments.  <*  ~  15  degrees 
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Figure  29 

Schematic  Arrangement  of  Model  for 
Rotating  Arm  Experiments 


Figure  28 

Vorticity  Contours  in  Rectilinear  Plow, 
xr/L  =  0.925;  a  =  15  degrees 

A  simple  procedure  for  correcting  the 
vorticity  measurements  for  the  effects  of 
flow  direction  at  the  probe  was  developed 
and  this  enabled  the  plot  of  vorticity 
contours  shown  in  Figure  28  to  be  produced 
from  the  traverses  shown  in  Figure  26.  Tt 
became  apparent  that  there  was  a  significant 
region  of  vorticity  rather  closer  to  the 
body  and  further  around  towards  the  windward 
side  than  had  been  anticipated.  This 
appeared  to  be  a  second  smaller  vortex. 
Unfortunately  no  measurements  were  made  in 
this  region  at  5  degrees  Incidence  at  which 
it  was  possible  that  only  one  vortex 
existed.  The  measurements  in  curved  flow, 
to  be  discussed  later,  have  indicated  only 
one  vortex  to  be  present  with  its  centre 
near  that  of  the  second  vortex  found  in 
rectilinear  flow. 

7.  Experiments  to  determine  vortices  shed 
by  a  foody  of  revoultion  in  curved  "flow 

7.1  Experimental  rig 

The  model  DOR,  previously  tested  in  the 
towing  tank,  was  suitably  modified  and 
attached  to  the  Rotating  Arm  at  ARE  (Haslar) 
via  a  sword  positioned  on  the  outboard  side 
of  the  model  as  shown  in  Figure  29. 
Measurements  were  made  on  the  Inboard  side 
of  the  turn  with  the  drift  angle  a  set  with 
the  nose  pointed  into  the  turn. 

The  outer  skin  o*  the  model  was  refalred  and 
arranged  so  only  the  tail  section  rotated. 
The  out  of  roundness  of  the  tail  and  body  at 
this  Joint  were  measured  to  be  2  mm. 
However,  the  concentricity  was  adjusted  such 
that  when  the  tail  rotated  through  the 
measurement  range  the  local  discontinuity 
between  the  skins  was  less  than  3  mm. 


A  new  Freestone  probe  (probe  C)  was  built  with  a  radius  of  10  mm  in  order  to  double  the 


output  and  halve  the  effect  of  any  manu facturi ng  inaccuracies.  The  new  probe  also 
incorporated  a  larger  pitot  tube  from  which  it  was  possible  to  make  static  measurements. 
The  whole  probe  and  strut  assembly  was  tested  in  a  wind  tunnel  at  various  incident  flow 
angles  and  a  calibration  was  determined  for  the  Ditot  static  tube. 

A  larger  strut  was  built,  to  accommodate  measurements  out  to  a  radius  of  1.5  x  body  dia¬ 
meter,  and  the  strut  diameter  was  increased  to  32  mm. 

The  traversing  mechanism  was  improved  and  the  pressure  tubes  from  the  probe  left  free  to 
stream  behind  the  strut  before  entering  the  model.  These  changes  allowed  the  probe  to 
be  traversed  faster,  which  was  of  some  importance  because  the  run  time  was  restricted  to 
one  turn  of  the  Rotating  Arm  to  avoid  contaminating  the  results  by  re-entering  the  wake 
from  the  previous  turn.  Depending  on  the  test  radius,  it  proved  possible  to  take 
measurements  at  three  or  four  positions  at  a  radial  spacing  of  25  mm.  This  was  the 
optimum  for  the  vortex  size  given  the  run  time  and  the  times  required  to  traverse  the 
probe,  allow  the  pressures  to  settle  and  acquire  data  for  a  reasonable  period. 


7 . 2  Vorticity  Measurements 


A  comprehensive  set  of  measurements  was 
taken  at  each  of  the  conditions  summarised 
in  Table  3.  The  probe  was  traversed  from 
close  to  the  body  through  to  the  outer  edge 
of  the  vortex  at  angular  Intervals  of  •'*  =  10 
degrees  and  within  a  quadrant  on  the  leeward 
side  of  the  tall  from  0  *  90°  to  9  =»  180°. 
A  typical  set  of  vorticity  measurements  is 
shown  in  Figure  30. 

The  inboard  measurement  positions  were 
limited  to  the  probe  radius  plus  a  margin 
dictated  by  the  operation  of  the  traverse 
gear,  so  estimates  of  the  vorticity  very 
close  to  the  body  were  made  by 
extrapolation  and  cross  fairing  of  all  the 
measurements.  The  vorticity  measured  away 
from  the  wake  of  the  body,  at  1.5D  from  its 
cen t re, variedwi th  incidence  andstrut 
angle  by  up  to  4  rad/s  from  the  nominal 
zero.  This  variation  was  considerably  less 
than  found  in  the  tank  tests  and  its 
characteristics  were  more  regular.  it 
therefore  proved  possible  to  make  suitable 
corrections  to  each  vorticity  traverse. 
Figure  30  shows  the  estimated  effective  zero 
vorticity  levf  i  for  each  traverse. 

The  dynamic  pressure  and  hence  local  flow 
speed  were  also  measured  during  each 
traverse.  These  tended  towards  the  free 
stream  values  away  from  the  body  but  within 
the  region  of  high  vorticity  and  close  to 
the  body  the  measured  values  reduced 
considerably  from  those  in  the  free  stream. 


Contours  of  constant  vorticity  were  derived 
from  the  traverse  plots.  The  example  shown 
in  Figure  31  was  plotted  from  the  data  shown 
in  Figure  30.  Contours  close  to  the  body, 
which  were  estimated  using  extrapolated 
data,  are  shown  dotted  in  Figure  31.  A 
contour  of  negative  vorticity  relative  to 
the  main  area  of  vorticity  is  also  shown  in 
Figure  31.  In  some  regions  this  may  .lust 
have  been  an  output  from  the  probe  caused  by 
its  size  as  discussed  in  Section  4.3. 
However,  some  regions  of  negative  vorticity 
were  more  extensive  than  could  be  caused  by 
this  effect  alone. 

8.  Discussion  of  Results 

8.1  Rectilinear  Flow 
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Figure  30 

Vorticity  Traverses  in  Curved  Flow 
r’  =0.2;  ot  *  5  degrees;  xR/L  =  0.925 


In  the  general  description  of  the  flow  16 - 

around  a  body  of  revolution  in  Section  3.5  Figure  31 

the  possibility  of  a  secondary  vortex  being  Vorticity  Contours  in  Curved  Flow 

generated  downstream  of  the  primary  vortex  v'  *  0.2;  ot  =  5  degrees;  xR/L  =  0.925 


was  mentioned.  The  vorticity  contour  plot  for  a  =  is  degrees  shown  in  Figure  28 
clearly  reveals  the  presence  of  this  secondary  vortex  system.  It  is  much  less  diffuse 
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than  the  primary  vortex  and  the  peak  vorticity  is  not  sn  high.  The  primary  vortex  is 
located  further  toward  the  windward  side  of  the  body  and  this  reinforces  the  belief  that 
it  is  the  result  of  flow  separation  near  the  tail. 

8 . 2  Curved  Flow 


In  curved  flow  the  angle  of  incidence  varies  along  the  length  of  the  body.  If  the 
nominal  angle  of  incidence  (at  midships)  is  small  the  local  angle  of  incidence  at  the 
nose  and  tail  of  the  body  are  given  approximately  by 

—  1  r' 

aN  *  a  -  tan  *  radians  (40a) 

aT  =  a  +  tan-1  (40b) 

The  local  angles  of  incidence  for  the  conditions  tested  on  the  Rotating  Arm  are  given  in 
Table  3. 


Figure  32  illustrates  this  variation  of  flow 
direction.  For  large  angles  of  incidence 
and  small  turn  rates  the  flow  is  always  from 
the  outboard  side  of  the  body  and  any  shed 
vortices  would  be  expected  to  reside  on  the 
body's  inboard  side.  For  small  angles  of 
incidence  and  high  turn  rates  the  angle  of 
incidence  at  the  nose  becomes  negative  and 
the  local  flow  direction  at  the  nose  is  then 
from  the  inboard  side  of  the  body.  In  these 
circumstances  we  might  expect  to  find  flow 
separation  and  shed  vorticity  of  opposite 
sign  on  the  outboard  side  of  the  body.  Tn 
due  course  this  negative  vorticity  would  be 
expected  to  be  convected  around  the  body  to 
the  inboard  side.  It  would  then  appear 
either  as  a  reduction  in  the  level  of 
vorticity  or  as  a  separately  identifiable 
pocket  of  negative  vorticity. 


Figure  32 

t.ocal  Angles  of  Incidence  at  the 
Nose  and  Tail  of  the  Bodv 


Separate  pockets  of  negative  vorticity  were  sometimes  identified.  One  such  pocket  can 
be  seen  in  Figure  31,  In  most  cases  these  negative  areas  of  vorticity  were  not 
particularly  well  correlated  with  the  negative  angles  of  attack  at  the  nose  of  the  body. 
They  may  have  been  caused  by  the  local  discontinuity  at  the  rotating  joint  in  the  skin 
of  the  model  or  by  errors  caused  by  the  finite  size  of  the  probe  (see  Section  4.3). 

90° 


Figure  33 

Vorticity  Contours  in  Curved  Flow 
r'  =  0.3;  a  =  2.5  deg;  xR/I.  =  0.85 


8 . 3  Circulation 

Each  vorticity  contour  plot  was  integrated 
using  a  planimeter  to  obtain  the  "volume" 
under  the  contours.  This  is  equivalent  to 
the  total  circulation  (see  Fq  20).  The 
Integration  was  confined  to  the  positive 
vorticity  contours  of  the  "tail"  vortices. 

The  resulting  total  circulation  is  plotted 
in  non  dimensional  form  in  Figure  34.  As 
expected,  the  circulation  increases 
monotonlcal  ly  with  incidence,  hut  appears  to 
reach  a  maximum  value  at  r*  ~  0.35.  This 
may  perhaps  be  attributed  to  the  influence 
of  the  negative  vorticity  emanating  from  the 
nose  of  the  body  at  high  turn  rates,  as 
described  above. 


The  traverses  at  x^/I,  =  0.85  were,  however, 
extended  around  towards  the  outboard  side  of 
the  model  for  the  condition  r'  *  0.3,  *  = 
2.5  degrees  and  the  results  are  shown  in 
Figure  33.  This  model  test  condition 
experienced  quite  large  negative  angles  of 
incidence  at  the  nose  (see  Table  3)  and  the 
vorticity  contour  plot  does  indeed  show  a 
substantial  vortex  of  opposite  sign  on  the 
outboard  side  of  the  body. 


r 


Figure  34 

Total  Circulation  in  Curved  Flow 
Xp/L  *  0.925 
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r’  *  0.3 

Figure  35  shows  the  growth  of  circulation 
with  distance  from  the  nose  of  the  body  for 
r'  -  0.3.  As  expected,  the  circulation 
rises  rapidly  towards  the  tall  of  the  body. 

8.4  Body  Vortex  Location 

Figure  36  shows  the  radial  and  polar 
location  of  the  estimated  centres  of  the 
body  "tail"  vortices.  In  many  cases  the 
exact  vortex  centre  (the  position  of  maximum 
vorticity)  could  not  be  precisely  determined 
because  the  probe  could  not  be  positioned 
close  enough  to  the  surface  of  the  body. 
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Figure  36 

Fstimated  Location  of  Vortex  Centres 
in  Curved  Flow 


The  results  should  therefore  be  treated  with  caution.  Nevertheless,  they  show,  as 
expected,  that  the  vortex  hugs  the  surface  of  the  body  and  migrates  around  it  towards 
the  outboard  side  as  the  tail  is  approached.  The  vortex  tends  to  depart  from  the  body 
surface  as  the  incidence  is  increased  but  has  little  effect  on  the  vortex  location. 


8.5  Body  Vortex  Core  Radius 

Fq  37  was  used  with  t>:e  calculated  total  circulation  to  estimate  equivalent  core  radii 
for  each  of  the  vorticity  contour  plots  obtained.  Results  are  given  in  Figures  37  and 
38.  Given  the  difficulty  of  estimating  the  peak  levels  of  vorticity  for  each  case  and 
the  somewhat  unwarranted  assumption  that  the  vortex  is  circular  (implicit  in  Fq  37)  the 
results  must  be  treated  with  some  ci rcumspec tion.  Never the  1  ess ,  they  show  that  the  core 
radius  is  of  the  order  of  one  tenth  of  the  body  diameter  and  seems  to  increase  with  the 
angle  of  incidence  and  decrease  with  turn  rate. 


Figure  37 

Rody  Vortex  Core  Radius:  Fffect  of 
Incidence  and  Turn  Rate  xR/L  *  0.9?5 


Figure  38 

Growth  of  Rody  Vortex  Core  Radius 
with  Distance  from  the  Nose  r*  *  0.3 
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9.  Conclusions 

This  paper  has  described  experiments  to  investigate  the  vortex  system  associated  with  a 
body  of  revolution  at  an  angle  of  attack  in  a  curved  flow.  To  the  authors’  knowledge 
this  is  the  first  time  such  experiments  have  been  attempted  and  these  experiments  also 
represent  the  first  serious  use  of  the  Freestone  vorticity  probe. 

The  Freestone  vorticity  probe  proved  to  be  simple  and  robust  in  use  although  a  very 
sensitive  pressure  transducer  was  required  in  the  present  application.  Some 
difficulties  were  encountered  with  spurious  vorticity  readings  obtained  when  the  probe 
was  pitched  or  yawed  in  a  uniform  flow.  The  probes  were  also  found  to  be  potential  ly 
s  sensitive  to  changes  in  the  dynamic  pressure.  In  the  5  mm  probe  B  these  errors  were  of 

significant  proportions  and  were  traced  to  inadequate  quality  control  of  the  alignment 
i  of  the  Conrad  tube  pairs  and  the  finish  and  accuracy  of  their  chamfered  faces.  Clearly 

the  yaw  meter  faces  must  be  as  nearly  as  possible  identical  so  that  equal  and  opposite 
pressures  are  produced  in  uniform  flow.  Manufacturing  problems  were 
eased  by  adopting  a  larger  probe  C  with  a  radius  of  10  mm  and  this  proved  much  more 
\  satisfactory.  The  larger  probe  had  the  added  advantage  of  yielding  larger  pressure 

differences  due  to  vorticity  but  it  may  have  led  to  underestimates  of  the  peak 
vorticity. 

One  problem  with  the  Freestone  probe  lies  in  the  difficulty  of  calibration  if  the 
Individual  yaw  meter  tubes  are  permanently  connected  to  the  plenum  chambers.  This 
arrangement  precludes  separate  calibrations  and  the  only  way  a  satisfactory  calibration 
can  then  be  achieved  is  by  measuring  the  response  to  a  known  level  of  vorticity. 
Clearly  this  is  impractical  but  it  has  been  suggested  that  a  given  level  of  vorticity 
might  be  simulated  by  spinning  the  probe  in  a  uniform  flow.  This  would,  of  course, 
introduce  problems  of  extracting  the  pressure  response  from  the  spinning  probe  but  these 
should  not  be  insurroountabl e. 

The  probe  was  used  to  examine  the  vortex  systems  generated  by  a  model  hydroplane  and  a 
body  of  revolution  in  rectilinear  and  curved  flows.  Integration  of  the  vorticity 
contours  behind  the  hydroplane  yielded  a  total  circulation  comparable  to  that  expected 
from  an  estimation  of  the  lift  and  supported  the  belief  that  the  probe  gave  a  generally 
satisfactory  measurement  of  vorticity.  The  results  were  used  to  estimate  the  growth  of 
the  vortex  core.  This  proved  less  satisfactory  because  the  high  turbulence  level 
experienced  in  the  Circulating  Water  Channel  made  the  vortex  appear  to  grow  at  an 
unrealistic  rate.  Immediately  behind  the  hydroplane,  however,  the  estimated  core  radius 
was  in  very  close  agreement  with  independent  wind  tunnel  measurements  on  wings  of 
similar  geometries. 

In  rectilinear  flow  the  body  vortex  core  locations  agreed  reasonably  well  with  those 
obtained  earlier  in  flow  visualisation  experiments  on  a  model  of  smaller  scale. 
The  probe  revealed  the  unexpected  presence  of  a  secondary  vortex  at  an  angle  of  attack 
of  15  degrees. 

The  main  effort  was  devoted  to  examining  the  vortex  system  in  curved  flow  and  an 
extensive  series  of  experiments  was  completed.  These  showed  that  the  flow  curvature 
generally  increases  the  vortex  strengths  but  does  not  shift  the  vortex  locations  very 
much.  In  certain  circumstances  a  secondary  system  of  vortices  of  opposite  sense  is 
apparently  generated  on  the  outboard  side  of  the  body  and  these  may  he  responsible  for 
limiting  the  total  circulation  in  tight  turns  near  the  tail  of  the  body. 

The  results  obtained  in  this  investigation  will  be  Incorporated  In  the  BUB.SIH  computer 
program  for  predicting  deeply  submerged  submarine  manoeuvres. 
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TABLE  1 

Dimensions  of  Bodies  of  Revolution 


Model  Code 

Length 

metres 

Maximum 

Diameter 

metres 

Fineness 

Ratio 

Vol ume 
metres3 

DKF 

1  .594 

0. 17$ 

R  .5 

0.0303 

0MH 

1  .534 

0.145 

10.5 

0.0198 

DM  I 

1.534 

0.133 

19.5 

0.0139 

TARI.F  2 

Ordinates  of  Bodies  of  Revolution 


X '  /L 

R/Rma 

0  .000 

0.000 

0.05 

0.699 

o.to 

0.905 

0.15 

0.988 

0.30 

1  .000 

0.35 

1  .000 

0.30 

1  .000 

0.35 

1  .000 

0.40 

1.000 

0.45 

1  .000 

0.50 

1  .000 

0.55 

1  .000 

0.60 

1  .000 

0.65 

1  .000 

0.70 

0.983 

0.75 

0.932 

0.80 

0.840 

0.85 

0.701 

0.90 

0.513 

0.95 

0.386 

1  .00 

0.000 

TARI.F  3 

Test  Conditions  for  Rotating  Arm  Experiments 


Test  Radius  m 

Turn  parameter  r' 

Incidence  angles  deg 

at  sword 
nose 
tail 


13.5 

0.4 


3.5  5 . D  7.5 
-8. ft  -6.3  -3. ft 
13.8  16.3  18. R 


16.7 
n .  3 


3.5  5.0  7.5 

-6.0  -3.5  -1  .0 

11.0  13.5  1 6  .  n 


35.0 

0.3 


3.5  5.0  7.5 

-3.3  -0.7  1  .8 

R . 3  10.7  13.9 


Conditions  tested 

Measurement  section 
x/!.«  from  nose 

93.5  xxx  xxx 

85  xxx 

70  xx 


x  x 


X 


t 
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SUMMARY 

The  Special  Group  of  Experts  on  Naval  Hydromechanics  and  Related  Problems  [ (SGEC HYDRO) ]  was  formed 
following  an  exploratory  meeting  on  3  and  4  November  1982.  Its  formation  was  spurred  to  a  large  degree 
by  the  need  within  NATO  for  a  forum  to  promote  multinational  co-operation  in  the  general  area  of  naval 
hydromechanics  testing  and  research  for  problems  not  adequately  covered  by  other  NATO  international 
exchange  groups  and  the  International  Towing  Tank  Conference. 

Tne  Croup’s  mandate  allows  it  to  address  current  aspects  of  interest  to  naval  hydromechanics 
including  test  and  research  facilities,  testing  techniques  and  instrumentation,  prediction  methods,  model 
to  full  scale  correlations,  full  scale  trials,  model  tests,  mathematical  modelling  and  simulation  and 
implications  of  instrumentation  development  in  other  fields  of  activity. 

Four  Research  Study  Groups  (RSG)  have  been  formed.  The  RSG's  on  Pull  Scale  Wave  Measurements  and  on 
Sea  Loads,  Slamming  and  Green  Seas  Impact  and  Wake  Measurements  finished  this  phase  in  December  198S. 

The  RSG  on  Cavitation  Noise  Scaling  completed  its  initial  planning  phase  in  June  1986. 

The  paper  outlines  the  scope  and  objectives  of  the  SGE( HYDRO)  with  special  emphasis  on  the  activity 
of  the  RSGs .  In  particular,  the  hydromechanic  problems  being  addressed  by  the  RSGs  and  the  approach  the 
RSGs  have  adopted  to  conduct  the  research  are  described.  Plans  for  future  co-operative  research  are  also 
outlined. 

1.  INTRODUCTION 

1.1  Origins 

In  April  1982,  on  the  initiative  of  the  Netherlands,  the  Defence  Research  Group  sponsored  a  seminar 
held  in  the  Hague  on  Advanced  Hydrodynamic  Testing  Facilities.  This  proved  to  be  a  stimulating  three-day 
meeting,  with  27  papers  contributed  by  Canada,  France,  Germany,  Italy,  the  Netherlands,  Norway,  the 
United  Kingdom  and  the  United  States  of  America  on  topics  ranging  from  "Open  Water  Testing  for  Seakeeping 
Research"  through  "Cavitation  Test  Facilities"  "Acoustic  Measurements",  "Dynamic  Tests  for  Manoeuvring" 

to  "Tests  in  Wind  Tunnels  for  Hydrodynamic  Research"1. 

The  seminar  culminated  in  a  round  table  discussion  which  concluded  that  NATO  needed  a  forum  to 
ensure,  particularly  in  times  of  financial  shortages,  that  the  best  use  was  made  of  existing  facilities 
and  to  co-ordinate  the  creation  of  new  facilities.  Furthermore  there  was  a  need  for  a  forum  to  exchange 
classified  information,  and  this  was  only  possible  within  NATO;  other  bodies  such  as  the  International 
Towing  Tank  Conference  had  too  broad  a  membership  for  such  activities. 

1.2  Formation 

Following  exploratory  meetings  in  NATO  HQ  in  Brussels  towards  the  end  of  1982,  the  formation  of  the 
Special  Group  of  Experts  on  Naval  Hydromechanics  and  Related  Problems  [ (SGE(HYDRO) J  was  authorized  by  the 
Defence  Research  Group  (DRG)  with  the  participation  of  Canada,  Denmark,  France,  the  Netherlands,  Norway 
and  the  United  Kingdom.  The  Group  first  met  in  June  1983,  by  which  time  the  membership  had  grown  to 
include  Germany,  Spain  and  the  United  States  of  America.  There  has  since  been  the  occasional  involvement 
of  Greece  and  Italy.  Denmark  has  now  left  the  Group.  The  first  Chairman  of  the  Group  was  Dr.  Jan 
Dirkzwager  of  the  Netherlands  in  recognition  of  the  Netherlands'  initiating  events  that  led  to  the 
formation  of  the  Group. 

1 . 3  Scope 

The  Special  Group  of  Experts  is  concerned  with  a  variety  of  aspects  of  naval  hydromechanics  testing 
and  research  which  include: 

Test  and  Research  Facilities, 

Testing  Techniques  and  Instrumentation, 

Prediction  Methods  and  Model  to  Full-Scale  Correlation, 

Full-Scale  Trials, 

Model  Tests, 

Theoretical  Aspects  including  Mathematical  Modelling  and  Simulation,  and 
Implications  of  Instrumentation  Development  in  other  Fields  of  Activity. 

The  emphasis  of  the  Group  is  based  on  naval  issues  such  as  the  reduction  of  drag  and  noise  of  submarines; 
the  behaviour  of  surface  naval  vessels  in  high  sea  states;  the  dynamic  behavior  of  towed  systems,  bodies 
and  arrays;  and  the  performance  of  underwater  weapons  and  advanced  naval  vehicles.  Furthermore,  the 
Group  is  not  limited  to  hydrodynamics  in  the  narrow  sense,  but  includes  the  inter-relation  between  the 
medium  and  moving  bodies  and  the  resulting  elastic  effects,  stresses  and  vibration  covered  by  the  term 
"hydromechanics” . 
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1.4  Objectives 

With  the  background  and  scope  already  outlined,  the  SGB(HYDRO)  has  adopted  the  general  objective  to 
improve  the  overall  effectiveness  of  the  combined  capabilities  of  the  alliance  in  the  area  of  naval 
hydromechanics  through  information  exchange  and  multi-national  co-operation.  It  is  expected  that  this 
will  be  achieved  by  the  following  activities: 

The  exchange  of  information  with  a  view  to  identifying  areas  of  common  interest  suitable  for 
multi-national  co-operation. 

Improvements  of  the  conditions  of  mutual  utilization  of  the  existing  facilities  (test  procedures; 
standards  for  testing  techniques,  equipment  and  data  presentation;  procedures  for  costing  and 
charging  for  tests;  and  protection  of  classified  or  propriety  information  and  equipment). 

Making  proposals  for  the  improvement  of  existing  facilities  to  make  them  more  responsive  to  NATO 
needs. 

Arranging  for  the  temporary  allocation  of  staff  for  such  purposes  as  supplementing  local  staff  for  a 
period  of  time  or  educating  staff  in  relation  to  techniques  not  available  in  their  parent 
establishment. 

Improvement  of  the  mutual  development  and  utilization  of  theoretical  methods  including  mathematical 
modelling  and  simulation. 

Exchanging  information  on  national  developments  and  projects  concerning  test  and  research  activities 
or  research  projects,  with  a  view  to  avoiding  duplication  of  costly  facilities  or  improving  the 
design  of  plant  facilities,  and  more  generally  improving  the  use  of  resources  available  to  NATO. 

Making  proposals  for  such  undertakings  as  performing  tests,  co-ordinating  research  programmes,  and 
commonly  funding  facilities  or  research  projects.  Implementing  these  proposals  either  under 
SGE( HYDRO)  auspices  or  otherwise. 

1.5  Mode  of  Operation 

The  Group  has  not  differed  from  the  other  DRG  Groups  in  using  the  medium  of  Research  Study  Groups  as 

the  best  way  to  study  special  problems.  It  is  the  main  purpose  of  this  paper  to  discuss  the  groups 

formed  so  far,  and  the  problems  they  are  addressing.  However,  before  considering  their  research  tasks 
some  mention  should  be  made  of  hydrodynamic  facilities.  Through  its  member  nations,  the  SGE(HYDRO)  and 
its  RSG's  have  a  very  wide  range  of  hydrodynamic  facilities  from  which  to  choose  when  addressing  a 
particular  task.  It  will  be  apparent  from  the  following  sections  that  the  prediction  techniques  employed 
for  hydrodynamic  performance  are  often  dictated  by  the  facility  chosen.  It  is  not  possible  to  survey  all 
the  facilities  available,  but  the  most  common  are  towing  tanks,  cavitation  tunnels,  circulating  water 
channels  and  seakeeping/manoeuvring  basins.  Less  common  and  more  specialist  facilities  include  rotating 
arms,  a  depressurized  towing  tank,  ice  tanks  and  a  reverberant  water  tank.  These  model  test  facilities 
are  matched  at  full  scale  by  ranges  both  for  tracking  and  noise  measurement,  and  again  there  is  a  wide 

diversity  of  capabilities.  These  facilities  have  been  compiled  into  a  catalogue  Which  will  become  a  NATO 

document3.  The  catalogue  also  makes  reference  to  aerodynamic  facilities  that  are  known  to  be  used  for 
hydrodynamic  work.  The  type  of  work  undertaken  has  been  primarily  in  the  area  of  noise  measurement  and 
the  survey  of  air  flow  over  decks  and  around  superstructures, 

2 .  RESEARCH  TASKS 

2.1  Topics  of  Current  Interest 

In  the  early  stages  of  the  SGE(HYDRO)  a  list  of  topics  of  current  Interest  was  developed  by  the 
participating  nations.  Table  1  lists  the  topics,  and  provides  an  indication  of  both  the  level  of 
interest  and  ability  to  contribute,  by  nation,  for  each  topic.  Interest  is  ranked  in  descending  order 
from  the  highest  score  of  "A"  to  the  lowest  of  "C",  and  similarly  for  ability  to  contribute,  where  the 
highest  score  is  denoted  by  "l"  and  the  lowest  by  "3". 

Exploratory  groups  were  then  established  to  determine  whether  co-operation  would  be  possible  in  two 
general  topics:  seakeeping  and  propulsion.  A  pilot  nation  was  appointed  for  each  topic.  The  United 
States  took  on  the  task  for  seakeeping  and  the  Netherlands  for  propulsion.  The  pilot  nations  canvassed 
the  membership,  and  on  the  basis  of  the  returns  determined  the  most  promising  areas  for  co-operative 
research.  In  the  seakeeping  topic,  the  two  area9  were  Full  Scale  Wave  Measurements  (RSG  1)  and  Sealoads, 

Slamming  and  Green  Seas  Impact  (RSG  2).  The  propulsion  areas  of  common  interest  were  Cavitation  Noise 
Scaling  (RSG  3)  and  Wake  Measurements  (RSG  4).  These  four  RSG's  were  initiated  in  December  1984,  and 
their  initial  planning  phase  was  completed  a  year  later.  The  Groups  are  presently  persuing  their 
mandates.  The  duration  of  the  RSG's  is  either  3  or  4  years.  A  description  of  the  research  of  each  RSG 
follows  in  later  Sections. 

2.2  Relation  to  Other  Bodies 

Because  of  the  large  size  of  the  naval  architecture  community,  the  SGE( HYDRO)  must  keep  abreast  of 
developments  in  other  bodies  with  related  interest. 

Perhaps  of  most  importance  is  the  NATO  NNAG  IEG/6  on  ship  design  and  its  sub-groups.  All  of  the 
research  being  undertaken  in  the  SGE (HYDRO)  must  be  of  direct  relevance  to  the  needs  of  the  naval  ship 
designer.  Liaison  with  this  body  is  maintained  through  national  representatives  and  contact  between  the 
chairmen. 

I 
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There  are  a  numbar  of  other  groups  whose  activities  are  complementary  to  those  of  the  SCE(HYDRO). 
These  include  Project  Group  27  (NATO  Frigate  Replacement) ,  the  Long  Term  Study  on  Naval  Warfare  HO/2005 
(Implications  of  New  Technologies  for  Maritime  Operations),  the  International  Towing  Tank  Conference,  the 
Netherlands  Ship  Model  Basin  Co-operative  Research,  and  the  International  Ship  Structures  Congress. 
Reports  on  the  activities  of  these  Groups  are  normally  given  at  the  meetings  of  the  SGE(HYDRO)  by  members 
who  either  sit  on  the  council  or  committees  of  these  bodies,  or  by  those  who  have  attended  their  meetings 
and  conferences. 

The  wish  of  the  SGE( HYDRO)  is  to  avoid  duplicating  work  that  may  be  underway  in  other  fora.  Thus 
the  scope  and  progress  of  each  RSG  needs  to  be  carefully  reviewed  to  ensure  that  it  does  not  address 
concerns  that  are  already  being  pursued  by  working  groups  of  other  organizations.  The  SGE(HYDRO)  is  the 
only  body  whose  interests  are  purely  naval.  Therefore  while  disciplines  and  technology  developments  may 
overlap  with  other  organizations,  the  application  of  the  technology  in  most  cases  is  to  naval  problems 
and  naval  marine  vehicles. 

3.  RSG  1  -  FULL  SCALE  WAVE  MEASUREMENTS 

3 . 1  Background 

The  wave  characteristics  of  the  world's  oceans  are  of  interest  to  nearly  every  facet  of  marine 
activity.  From  the  naval  architectural  point-of-view,  it  is  necessary  to  quantify  the  seaway  during  ship 
dynamics  and  structural  loading  trials.  From  these  data,  ship  performance  specifications  and  numerical 
prediction  methods  can  be  verified.  In  addition,  accurate  wave  measurements  are  required  to  validate 
operational  wave  forecasting  models,  parametric  idealized  wave  spectral  models  and  wave  climatologies. 

Wave  measurements  are  routinely  carried  out  with  confidence  using  point  spectral  buoys.  When  buoy 
outputs  are  analyzed  using  standard  spectral  analysis  routines,  the  result  is  a  satisfactory  means  of 
determining  wave  height  and  period  relationships,  and  hence  for  defining  sea  state  using  conventional 
definitions.  Wave  spectra,  in  this  case  measured  with  a  ship-borne  wave  recorder  during  seakeeping 

trials,*  are  shown  in  Figure  1. 

Of  course,  a  point  spectral  buoy  can  only  define  a  wave  elevation  time  series,  suggesting  a  simple 

definition  of  the  sea  surface,  as  in  Figure  2S.  In  reality,  the  sea  surface  is  much  more  complex,  with 
variation  in  wave  direction  as  well  as  height  and  frequency.  Figure  3  shows  a  directional  spectrum 
measured  during  a  seakeeping  trial  over  20  years  ago. 


Directional  spectra  like  Figure  3  are  amenable  to  idealization,  as  shown  in  Figures  4  and  5*  where 

spectral  energy  is  assumed  to  vary  as  cos%  (y  is  the  angle  away  from  the  predominant  wave  direction). 
Other  variations  have  been  proposed,  but  this  simple  generalization  often  has  been  used  as  the  standard 
for  ship  design  and  for  performance  prediction  applications. 

Unfortunately,  real  sea  states  are  generally  the  product  of  moving  weather  systems,  and  can  best  be 
described  by  multimodal  spectra.  Figure  6  gives  an  example  taken  from  Reference  5,  where  an  advancing  low 
pressure  system  in  the  Norwegian  Sea  has  superimposed  a  wind-generated  sea  on  an  old  swell.  The  swell 
has  a  higher  spectral  peak  than  the  wind  generated  sea.  Clearly,  a  cosine-squared  spreading  function 
applied  to  a  point  spectrum  could  not  describe  this  sea  state. 

Finally,  Figure  7  compares  directional  spectral  measured  at  the  same  site  with  two  different  buoy 

types*.  While  Pigure  6  emphasizes  the  need  for  directional  measurements,  as  opposed  to  estimates,  Figure 
7  suggests  that  we  still  have  technical  difficulty  in  doing  so. 

3?  Objectives 

With  the  above  in  mind,  RSG  1  determined  that  the  research  objectives  for  the  Group  would  be 
follows:  to  establish  reliable  directional  wave  measurements  and  analyses  and  to  expand  the  capability 
for  providing  reliable,  routine  measurements  during  full  scale  trials  and  operations. 

To  meet  the  objectives,  a  cooperative  multinational  trial  is  being  planned  for  March  1987  off  the 
coast  of  Newfoundland.  This  area  was  selected  because  of  its  good  probability  of  high  sea  states  and 
coincidence  with  the  track  of  the  now  cancelled  SIR-B'  Space  Shuttle  Mission,  Which  would  have  provided 
synthetic  aperture  radar  (SAR)  measurements  of  wave  directionality.  The  object  of  the  trial  is  to 
evaluate  available  directional  wave  buoys  and  SAR  (which  will  now  be  provided  only  by  aircraft). 
Directional  wavebuoys  will  be  deployed  from  the  Canadian  research  ship  CFAV  QUEST  and  the  Netherlands 
research  ship  R.NL.S.  TYDEMAN.  Additionally,  operational  wave  forecasts  will  be  produced  by  the  United 
States  Fleet  Numerical  Oceanography  Center  (PNOC) ,  Monterey.  The  Center  will  provide  directional  wave 
spectral  forecasts  from  the  Global  Spectral  Ocean  Wave  Model  (GSOWM) . 

3.2  Experimental  Arrangements 

There  are  six  nations  participating  in  the  trial:  Canada,  France,  the  Netherlands,  Norway,  Spain  and 
the  United  States.  Each  country  will  participate  in  the  trial  by  contributing  scientists  and 
instrumentation  to  teams  aboard  CFAV  QUEST  and  R.NL.S  TYDEMAN.  Canada  plans  to  deploy  Endeco  Wavetrack 
and  Datawell  Wavec  buoys;  the  Netherlands,  Datawell  Wavec  and  Delft  disposable  buoys;  Norway,  a  Wavescan 
buoy;  Spain,  a  Datawell  Waverider  buoy;  and  the  United  States,  Endeco  Wavetrack,  NBA  Controls  Ltd. 
Wavecrest,  and  Delft  disposable  buoys.  France  and  Spain  may  deploy  buoys  currently  under  development. 
France  and  Germany  will  also  fit  infrared  and  ultrasonic  relative  motion  probes  to  R.NL.S  TYDEMAN  to 
derive  encounter  point  spectra. 

Figure  8  shows  the  probable  experimental  stations  for  the  RSG1  trial.  R.NL.S  TYDEMAN  will  work  at  a 
northern  GSOWM  grid  point  and  CFAV  QUEST  at  a  southern  one.  At  each  of  these  stations  a  moored  buoy,  or 
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buoys,  will  be  laid  so  that  anchored  and  drifting  buoys  of  the  same  type  can  be  compared.  During  the 
trials,  two  days  will  be  spent  at  an  intermediate  grid  point  where  both  comparative  buoy  and  comparative 
seakeeping  trials  will  be  conducted. 

Some  of  the  SAB  overflights  will  be  conducted  by  the  Canadian  Centre  for  Remote  Sensing  (CCHS) 
Convair  580,  which  is  supporting  another  experiment  scheduled  in  conjunction  with  SIR-B’ .  The  Labrador 
Marginal  Ice  Zone  Experiment  (LIMEX)  is  performing  both  local  oceanographic  and  SAR  measurements  in  the 
Newfoundland  spring  ice-pack  marginal  zone.  The  CCRS  SAR  overflights  will  supplement  proposed  flights  by 
a  NASA  SAR  and  radar-altimeter  equipped  P-3  aircraft. 

4.  RSG  2  -  SLAMMING,  SEALOADS  AND  GREEN  SEAS  IMPACT 

4 . 1  Background 

The  waters  of  the  North  Atlantic  and  North  Pacific  oceans  provide  some  of  the  most  severe  wave 
conditions  of  the  oceans  of  the  world.  As  these  areas  are  of  considerable  strategic  importance  to  the 
navies  of  NATO  nations,  there  is  considerable  interest  in  the  degree  to  which  the  wave  environment 
hinders  the  operability  of  naval  vessels,  and  in  the  aspects  of  ship  response  which  are  primarily 
responsible  for  reduced  seakeeping  performance.  Studies  carried  out  by  NATO  NAG  IEG/6  SG/5  have  shown 
that  slamming  and  green  seas  impact  play  a  major  role  in  limiting  the  speed  of  naval  vessels  of  the 
frigate  and  destroyer  size.  Typically  in  seas  approaching  sea  state  5  (6m  significant  wave-height),  the 
most  modern  ships  of  this  size  are  limited  to  speeds  of  about  20  kt.  Older  ships  fare  considerably 
worse.  The  I8G/6  SG/5  study  which  surveyed  captains  of  NATO  frigates  and  destroyers  revealed  that  the 
prime  cause  of  speed  reduction  was  slamming  and  with  green  seas  impact  a  secondary  cause. 

4.2  Objectives 

The  importance  of  slamming  and  green  seas  loads  on  naval  ship  operations  placed  this  topic  high  on 
the  list  of  research  projects  that  could  be  undertaken  cooperatively.  It  was  agreed  that  the  aim  of  the 
research  would  be  to  investigate  the  mechanisms  responsible  for  slamming  and  green  seas  impact  with  a 
view  to  identifying  means  of  improving  ship  performance  in  high  sea  states. 

RSG-2,  comprised  of  Canada,  Germany,  the  Netherlands,  Norway,  Spain,  the  United  Kingdom  and  the 
United  States,  has  recently  completed  its  Initial  Planning  Phase.  A  plan  for  the  study  was  formulated 
and  tasks  assigned  to  the  participating  countries.  The  research  is  heavily  slanted  toward  experimental 
work.  Both  full  scale  trials  and  related  model  tests  will  provide  a  data  base  for  bow  flare  slamming  and 
green  seas  loading  with  which  results  from  theoretical  methods  will  be  compared.  The  Canadian  research 
Ship  CFAV  QUEST  will  be  the  primary  trials  ship,  with  R.NL.S  TYDRHAN  supplying  additional  data.  The  data 
from  the  full  scale  trial  will  be  used  for  evaluating  numerical  modelling  methods  and  results  from 
physical  model  tests.  Numerical  modelling  is  presently  underway  in  a  number  of  the  participating  nations. 

4.3  Full  Scale  Trials 

The  focal  point  of  the  full  scale  experiment  is  the  trial  with  CFAV  QUEST.  She  is  a  2200  tonne 
acoustics  research  vessel  operated  by  the  Defence  Research  Establishment  Atlantic  (Figure  9).  The  ship 
will  be  instrumented  to  allow  measurement  of  ship  motions,  main  girder  strains,  flare  slamming  pressures 
and  green  seas  deck  loadings.  Measurements  will  take  place  in  March  1987  in  conjunction  with  the  trial 
of  RSG  1. 

CFAV  QUbSl  is  not  an  ideal  platform  for  the  RSG  2  trial,  but  represents  a  platform  of  opportunity  as 
a  result  of  the  RSG  1  work  plan.  Unfortunately,  none  of  the  participants  could  commit  a  frigate  or 
destroyer  for  trials.  This  is  particularly  relevant  as  QUEST’S  large  freeboard  makes  significant  green 
seas  loading  events  unlikely. 

QUEST  has  recently  completed  a  routine  refit  during  which  10  pressure  transducer  recessed  mountings 
were  installed  in  way  of  the  starboard  bow  flare  as  shown  in  Figure  10.  The  transducers  are  of  a  special 
design  and  are  based  on  those  used  for  measuring  ice  loads  on  oil  rigs. 

Canada  will  also  provide  instrumentation  to  measure  and  record  the  six  components  of  ship  motions 
and  the  main  girder  strains.  Germany  has  offered  to  support  the  green  seas  load  measurements.  Both 
Norway  and  the  United  Kingdom  will  contribute  to  the  analysis  of  the  results. 

4.4  Model  Tests 

Model  tests  in  sea  conditions  corresponding  to  the  full  scale  trials  will  be  carried  out  by  Norway 
at  the  Norwegian  Marine  Technology  Research  Institute  (Marintek),  in  Trondheim.  It  will  be  necessary  to 
manufacture  a  new  model  of  both  QUEST  and  TYDEMAN,  as  existing  models  are  not  of  a  suitable  scale. 

Canada  or  Spain  will  provide  a  new  model  for  the  tests.  The  model  tests  will  address  primarily  the 
measurement  of  bow  flare  slamming  pressures,  as  the  measurement  of  main  girder  bending  moments  is  a  time 

consuming  and  expensive  process  on  model  scale,  and  model  green  seas  loading  tests  are  frought  with 

difficulties. 

Drop  tests  of  two-dimensional  sections  will  also  be  conducted.  These  will  provide  insight  into  the 
development  of  the  girthwise  slamming  pressure  distribution  end  the  influence  of  scale  effects. 

4.5  Correlation  Studies 

To  complete  the  study,  comparisons  will  be  made  between  theoretical,  numerically  derived  results  and 
those  measured  on  model  and  full  scale  ships,  for  bow  flare  slamming  pressures,  main  girder  strains  and 
deck  wetness.  The  RSG  1  measurements  will  provide  reliable  and  complete  sea  state  description  to  the 

computer  programs,  many  of  which  rely  primarily  on  atrip  theory  for  prediction  of  ship  motions  and 
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relative  bow  velocity  estimates  used  to  predict  slamming  pressures.  Strip  theory,  which  is  based  on 
two-dimensonal  potential  flow  theory,  is  generally  suitable  for  predicting  the  motions  of  slender  ships 
such  as  frigates  and  destroyers  but  has  been  found  less  reliable  for  the  prediction  of  wave  induced 
loads.  Fully  three-dimensional  methods  (eg.  finite  difference  methods)  could  be  used  to  achieve  improved 
predictive  accuracy.  The  final  report  will  assess  the  merits  of  the  various  predictive  methods  and  will 
recommend  additional  research  as  into  sea  loads  mechanism  and  predictive  techniques. 

S.  RSG  3  -  CAYITATIOB  BOISE  SCALIBG 

5 . 1  Background 

In  addition  to  the  interest  in  seakeeping  which  resulted  in  the  two  RSGs  already  discussed,  the 
SGE( HYDRO)  has  had  a  particular  interest  in  propulsion  from  the  very  outset.  However,  the  interest  is 
not  primarily  in  speed,  power,  efficiency,  endurance,  etc,  but  is  concentrated  on  the  noise  making 
propensities  of  propulsors  and  in  this  context,  cavitation  noise  is  of  prime  importance.  This  topic  is 
critical  to  naval  operations  particularly  in  the  area  of  underwater  warfare,  and  this  has  been  underlined 
by  the  conclusions  of  a  number  of  long  term  scientific  studies. 

5.2  Objectives 

The  basic  objective  of  the  Group  is  the  development  of  reliable  cavitation  noise  scaling  techniques. 
The  SGB( HYDRO)  envisaged  that  progress  towards  this  goal  could  be  achieved  by  studying  the  following 
topics. 

Assessment  of  current  scaling  methods  used  by  cavitation  test  facilities. 

Selection  and  calibration  of  facilities  most  appropriate  to  the  prediction  of  full-scale  cavitation 

noise.  This  would  include  assessing  background  noise,  reflection  properties,  etc. 

Multi-facility  comparisons  with  respect  to  measurement  techniques. 

Development  of  measurement  systems. 

Correlation  between  model  tests  and  full-scale  measurements  to  improve  prediction  reliability. 

Boise  measurement  from  a  series  of  identically  shaped  model  items  (propeller  forms  or  other  shapes) 

to  enable  a  judgement  of  scaling  effects  on  cavitation  noise  prediction. 

The  Group  has  recently  completed  the  preparation  of  its  programme  of  collaborative  activities  to  be 
undertaken  during  its  working  phase. 

5.3  Assessment  of  Current  Methods 

This  study  was  initiated  with  a  survey  of  the  state  of  the  art  on  model  cavitation  noise 
measurements  and  acoustic  scaling  methods.  The  results  revealed  that  a  wide  range  of  facilities  are 
being  used  to  conduct  acoustic  experiments,  and  a  wide  range  of  expertise  is  available  within  the 
countries  that  have  provided  the  information.  The  most  popular  facility  is  the  cavitation  tunnel.  This 
is  to  be  expected  since  cavitation  tunnels  are  readily  available  at  most  hydrodynamics  testing 
establishments  and  the  installation  of  a  hydrophone  is  a  simple  task  (Figures  11  and  12).  However,  they 
provide  a  constrained  and  possibly  noisy  environment,  with  the  associated  problems  of  detecting  the 
signal  against  the  background  noise  and  converting  the  measurements  to  free  field  conditions. 
Alternatively,  facilities  such  as  the  acoustic  barge  and  planing  craft  largely  eliminate  these  problems 
but  there  is  much  less  control  available  over  the  test  parameters.  The  depressurized  towing  tank 
provides  an  environment  between  these  two  types  of  facilities.  For  a  wide  range  of  frequencies,  the 
direct  sound  field  in  the  tank  predominates  the  reverberant  field.  It  is  also  possible  to  exercise 
better  control  over  the  major  test  parameters. 

Most  of  the  acoustic  measurements  appear  to  be  made  using  omni-directional  hydrophones,  the  lower 
limits  on  the  frequency  generally  being  due  to  the  background  noise  level  and  the  upper  limits  due  to  the 
characteristics  of  the  instrumentation.  The  acoustic  calibration  techniques  quoted  for  all  the 
cavitation  tunnels  are  similar  and  are  based  on  comparisons  between  measurements  using  a  known  sound 
source  at  the  propeller  position  in  the  tunnel  and  those  using  the  same  source  and  receiver  in  the  free 
field . 

The  detailed  test  procedure  varies  between  the  facilities;  however,  it  consists  fundamentally  of  the 
measurement  of  the  noise  level  with  the  propeller  operating  under  given  conditions  (Figure  13),  together 
with  a  similar  measurement  with  the  propeller  replaced  by  a  dummy  hub  (Figure  14).  The  results  are 
generally  presented  as  1/3  octave  band  levels.  The  repeatability  of  the  measurements  is  quoted  as  within 
3  or  4  dB.  Visual  observation  of  the  cavitation  is  a  routine  procedure  during  acoustic  testing. 

Specific  information  on  the  scaling  methods  employed  to  derive  full-scale  noise  levels  from  model 
data  were  given  by  only  two  countries;  namely,  the  Betherlands  and  the  USA.  This  is  partly  a  reflection 
of  the  fact  that  several  countries  have  not  yet  reached  the  stage  of  attempting  to  predict  full-scale 
performance.  Clearly,  collaborative  development  in  this  area  will  become  more  beneficial  when  additional 
countries  have  reached  this  stage  in  their  studies. 

5.4  The  Way  Ahead 

The  evaluation  of  all  the  data  gathered  during  the  planning  phase  of  the  Research  Study  Group  has 
resulted  in  the  proposed  activities  being  categorized  as  follow: 
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Derivation  of  theoretical  scaling  lows. 

Measurement  Technology,  and 

Correlation  between  model  and  full-scale  data. 

Two  areas  of  work  where  the  diverse  abilities  of  the  members  could  be  employed  are  considered  to  be 
the  effect  of  free  gas  on  high  frequency  cavitation  noise  and  its  inclusion  in  the  scaling  process,  and 
the  measurement  and  scaling  of  low  frequency  cavitation  noise.  A  series  of  specific  tasks  relating  the 
proposed  activities  in  these  areas  of  work  has  been  determined.  These  tasks  have  been  assigned  to  member 
countries.  The  scope  of  the  tasks  is  outlined  below. 

For  the  derivation  of  theoretical  scaling  laws,  an  investigation  is  proposed  into  the  use  of  hull 
pressure  measurements  to  predict  low  frequency  cavitation  noise  and  a  study  into  the  physics  of  low 
frequency  sound  emission  from  propeller  cavitation. 

Under  measurement  technology,  both  the  high  and  low  frequency  ranges  can  be  considered  in  relation 
to  the  acoustics  of  the  hydrodynamic  facilities,  the  hydromechanic  simulation  of  the  problem  and  the 
special  sensors  and  signal  processing  required  particularly  at  low  frequencies.  Hydrodynamic 
simulation  will  include  the  physical  modelling  of  the  problem,  turbulence  stimulation,  and  nuclei 
seeding.  The  potential  for  development  in  all  these  areas  is  being  explored  for  both 
fully-developed  and  incipient  cavitation. 

For  correlation  between  model  and  full  scale  data,  the  assessment  of  current  scaling  methods  will 
continue,  accompanied  by  an  exchange  of  the  supporting  model  and  full  scale  data  in  a  standard 
format.  There  will  also  be  an  evaluation  of  the  variability  of  full  scale  data  and  the 
reproducibility  of  model  data. 

6.  RSG  4  -  WAKE  MEASUREMENTS 

6 . 1  Background 

This  RSG,  concerned  with  a  propulsion  topic,  again  places  emphasis  on  advancing  experimental 
techniques  for  defining  the  fluid  flow  conditions  in  which  a  propulsor  operates.  In  the  future,  the 
results  will  allow  better  informed  judgements  to  be  made  in  balancing  the  often  conflicting  requirements 
for  high  propulsive  efficiency  and  low  propeller  cavitation  extents,  noise  and  vibration.  Again  these 
attributes  are  of  prime  concern  to  naval  forces.  Lower  noise  and  vibration  levels  will  improve 
operational  effectiveness  by  reducing  the  risk  of  detection  and  the  Interference  with  home  forces  sonar. 

6.2  Objectives 

The  main  objective  of  the  work  is  to  establish  a  reliable  and  accurate  wake  prediction  procedure  for 
use  in  the  design  of  propellers  for  surface  naval  ships.  It  was  envisaged  that  this  objective  would  be 
achieved  by  the  following  activities: 

Reviewing  exisiting  full-scale  and  corresponding  wake  data. 

Establishing  the  scaling  methods  currently  used  by  each  participant. 

Evaluating  on  the  basis  of  the  above  the  suitability  of  existing  scaling  methods. 

If  existing  methods  were  found  to  be  inadequate,  recommending  further  work  that  would  be  necessary 
to  establish  reliable  and  accurate  alternative  procedures. 

It  was  foreseen  that  many  of  the  recent  measurements  referred  to  above  will  have  involved  the  use  of 
Laser  Doppler  Velocimetry.  It  is  therefore  implicit  in  these  activities  that  experience  would  be 
exchanged  on  the  use  of  LDV  in  various  types  of  hydrodynamic  facilities  and  ship  trial. 

6.3  Exchange  of  Existing  Wake  Measurement  Data 

No  wake  prediction  procedure  can  be  validated  without  reliable  model  and  full-scale  data.  This,  of 
course,  is  further  complicated  by  the  variety  of  9hip  types  and  the  experimental  facilities  used  to  test 
them.  So,  as  a  first  step,  it  was  agreed  to  exchange  such  data  as  were  available,  particularly  those 
relevant  to  naval  vessels.  Data  have  been  made  available  by  four  countries,  namely  the  United  States, 
United  Kingdom,  Canada,  and  Germany.  The  data  received  cover  the  following  topics: 

From  the  USA  -  wake  measurements  on  a  surface  ship,  the  R/V  ATHENA,  at  model  scale  in  a  towing  tank 
and  in  a  wind  tunnel  at  full-scale. 

From  the  United  Kingdom  -  wake  measurements  on  a  frigate,  HMS  PENELOPE,  at  model  and  full-scale. 
Figure  15,  taken  from  Reference  7,  indicates  the  type  of  data  collected  *rom  this  sort  of  work. 

From  Canada  -  model  tests  and  full-scale  trials  data  for  the  research  vessel,  CFAV  QUEST. 

From  Germany  -  wake  data  for  single  screw  merchant  9hips. 

In  addition  to  the  above,  the  United  States  made  available  wake  data  from  wind  tunnels  for  bodies  of 
revolution  in  infinite  flow,  along  with  some  full-scale  submarine  data.  ALso,  Spain  was  able  to  provide 
some  model  wake  data  for  a  frigate  and  two  corvettes. 
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6.4  Wake  Measurement  Techniques 

Much  of  the  current  interest  in  wake  measurement  techniques  is  linked  to  the  use  of  lasers,  and 
there  are  many  international  fora  which  are  active  in  reporting  the  use  of  LDV  systems  in  a  wide  variety 
of  applications.  However,  it  is  clear  that  the  countries  currently  operating  LDV  systems  (Germany, 
Netherlands,  France,  the  United  Kingdom  and  the  United  States)  in  their  hydrodynamic  facilities  are  using 
them  in  a  development  sense  rather  than  as  a  routine  experimental  technique.  Thus,  interest  was 
expressed  in  exchanging  experiences  on  these  developments.  However,  it  was  considered  that  this  would  be 
most  effectively  achieved  by  bi-lateral  exchanges. 

6.5  Wake  Scaling  Methods 

Statements  on  current  wake  scaling  methods  have  been  received  from  four  of  the  countries 
participating  in  the  group.  Most  countries  consider  that  for  twin  screw  ships,  wake  scaling  for  the  mean 
wake  is  unnecessary.  For  single  screw  ships  scaling  is  necessary,  and  the  ITTC  method  is  used.  However, 
this  approach  meets  with  varying  success.  Despite  the  general  consensus  on  the  situation  regarding 
single  screw  and  twin  screw  ships,  there  were  some  interesting  views  expressed.  For  example,  the 
Netherlands  use  a  semi-empirical  method  and  are  of  the  opinion  that  this  method  needs  to  be  improved. 
Similarly,  Italy  considers  that  there  is  considerably  more  to  be  discovered  about  scale  effects  on  wakes 
and  was  interested  in  investigating  this  subject  collaboratively.  Recent  work  in  the  UK  (Reference  8) 
has  also  concluded  that  existing  theoretical  and  experimental  work  requires  further  extension  in  order  to 
address  fully  the  problem  of  predicting  the  influence  of  wake  on  cavitation,  for  developing  improved, 
noise  reduced  hull,  propulsor  combinations. 

7 .  CONCLUDING  REMARKS 

It  is  be  apparent  from  the  foregoing  that  there  is  a  great  diversity  of  capabilities  and  facilities 
available  to  the  defence  hydrodynamic  and  naval  architectural  community  within  the  NATO  Alliance.  The 
SGE(HYDRO)  is  only  three  years  old  and  there  is  much  to  be  done  if  the  groups  objectives  are  to  be 
achieved.  A  start  has  been  made  particularly  in  the  areas  of  information  exchange,  testing  techniques 
and  instrumentation,  full  scale  trials,  prediction  methods  and  model  to  full  scale  correlation.  However, 
the  SGE  will  now  need  to  pursue  vigorously  those  topics  which  are  unique  to  a  forum  devoted  to  the  naval 
operational  requirement.  It  will  also  need  to  forecast  the  future  needs  of  the  defence  hydrodynamics 
coimnunity  and  in  this  it  will  be  greatly  aided  by  the  deliberations  of  the  Panel  on  Long-Term  Scientific 
Studies. 

7.1  Extension  of  Research  Tasks 

It  is  clear  from  Table  1  that  difficult  choices  had  to  be  made  in  selecting  the  topics  for  study  by 
the  existing  RSG's.  There  is  no  doubt  that  the  work  already  in  hand,  particularly  full-scale  wave 
measurements,  could  lead  to  studies  of  stabilization  and  the  damaged  and  ultimate  stability  of  ships. 
Similarly  the  investigations  of  sealoads  can  be  followed  by  work  on  the  optimization  of  hull  fairing.  In 
the  propulsion  field,  wake  measurement  has  obvious  application  to  afterbody  design  methods  and  could  also 
be  extended  to  consider  other  forms  of  marine  vehicles,  eg  Small  Waterplane  Area  Twin  Hulled  (SWATH) 
vessel,  submarine  etc.  Likewise,  cavitation  noise  scaling  is  directly  relevant  to  propeller  design 
methods.  All  these  subjects  have  received  priorities  when  considered  by  the  SGE(HYDRO)  and  its 
exploratory  groups. 

The  research  tasks  can  also  be  extended  by  putting  more  emphasis  on  the  consideration  of  specific 
marine  vehicles  rather  than  on  aspects  of  hydrodynamic  performance  discussed  above.  In  this  context  some 
interest  has  been  shown  in  the  SWATH  vessel  concept,  the  surface  effect  ship  and  towed  systems.  The 
model  testing  and  prediction  of  performance  of  these  vehicles  offer  challenges  which  have  still  to  be 
accepted. 

7.2  Development  of  Experimental  Techniques 

It  is  a  fundamental  aspect  of  the  work  of  SGE (HYDRO)  to  be  concerned  with  testing  techniques  and 
instrumentation,  and  with  the  implications  of  instrumentation  developments  in  other  fields  of  activity. 
The  time  is  perhaps  opportune  to  carry  out  a  review  of  topics  of  common  interest  in  these  fields  of 
activity  as  they  relate  to  hydrodynamics.  Some  topics  which  could  be  pursued  have  already  been 
mentioned;  eg  pressure  transducers  for  full  scale  and  model  work,  noise  measurement,  laser  Doppler 
velocimetry  particularly  with  the  full-scale  application  in  mind.  However,  there  are  other  topics  such 
as  tracking  systems,  acoustic  and  optical  methods  for  model  and  full-scale  manoeuvrability  and  control 
work,  wave  generation  equipment  for  seakeeping  basins  and  so  on. 

7.3  Use  of  Aerodynamic  Facilities  for  Hydrodynamic  Studies 

Mention  has  already  been  made  of  the  use  of  aerodynamic  facilities  for  noise  measurements  and  for 
the  study  of  air  flow  over  decks  and  superstructures.  There  will  undoubtedly  be  a  continuing  and  growing 
need  for  wind  tunnel  tests  particularly  with  regard  to  aviation  facilities  in  ships.  However,  there  are 
several  other  applications  which  deserve  more  extensive  utilization.  In  the  field  of  underwater 
vehicles,  much  work  in  the  areas  of  flow  visualization,  propulsion  and  stability  and  control  can  be 
carried  out  in  a  wind  tunnel.  Work  can  also  be  carried  out  at  high  Reynolds  numbers,  which  would 
otherwise  be  impossible  and  this  is  applicable  for  research  on  both  underwater  vehicles  and  surface 
ships.  Some  of  the  techniques  used  for  underwater  vehicles  in  flow  visualization  and  boundary  layer 
measurements  can  also  be  used  for  surface  ships  measurements  by  the  employment  of  a  double-hull  model. 

It  can  be  seen,  therefore,  that  there  is  considerable  scope  for  the  use  of  wind  tunnels  in 
hydrodynamic  and  naval  architectural  tasks  and  perhaps  it  will  be  the  duty  of  SGE (HYDRO)  to  sponsor  a 
symposium  similar  to  this  one,  in  the  not  too  distant  future,  entitled  "Hydrodynamic  and  Related 
Aerodynamic  Studies  Using  Air  Facilities". 
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AGARD  SYMPOSIUM 

AERODYNAMIC  AND  RELATED  HYDRODYNAMIC  STUDIES  USING  WATER  FACILITIES 
ROUND  TABLE  DISCUSSION 

A.M.O.  Smith 

Thank  you  Dr.  Slooff  and  Ladies  and  Gentlemen.  It  is  both  a  pleasure  and  a  responsibility  to  be  here  to 
outsmart  you  all  and  make  significant  comments,  but  I'll  try.  Dr.  Slooff  said  that  I  had  an  aeronautics 
background  and  I  want  to  mention  once  more  that  that  probably  influences  ray  thinking  to  a  certain  extent. 
Also,  I  think  that  I  should  say  that  I  am  probably  a  biased  critic  here  because  I  believe  at  least  for  an 
airplane  type  of  projecl  that  there  not  only  should  be  regular  wind  tunnel  models,  some  low  speed,  high 
speed  types,  some  aeroelastic  models  but  also  some  kind  of  a  flow  visualization  model  to  look  at  and  see 
what  you  see  and  see  if  some  wake  is  going  someplace  that  you  didn't  quite  expect  it  to  and  it  leads  to 
buffeting  or  something  like  Chat.  If  I  was  a  chief  engineer  of  some  company  starting  a  new  airplane 
project,  that  is  a  model  that  1  would  insist  on.  Also  a  little  bit  of  further  background,  I  think  1  first 
got  exposed  to  some  01  these  odd  problems  back  around  1950  or  1952  when  I  was  involved  in  the  problem  ot  a 
tumbling  body  vdiich  has  separations  <md  everything  else  connected  with  it. 

there  was  one  French  translated  report  in  that  area  and  that  is  alL  that  1  could  find,  and  no  aerodynamics 
textbook  had  anything  on  the  subject.  My  most  help  was  J.P.  den  Hartog's  book  Mechanical  Vibration.  It 
has  some  stuff  about  wire  vibrations  and  that  kind  of  thing.  I  talked  to  Dr.  A. L.  Kline  at  Cal  Tech  about 
this  wiid  tlow  business  to  see  if  lie  could  give  me  any  help  and  he  couldn't,  but  he  characterized  it  as  a 
term  ton l  maybe  you  should  remember  here  when  you  think  of  some  of  the  leading  edge  extension  and  s Leake 
types  ot  flows  and  so  on.  He  called  it  "tunny  aerodynamics".  That  was  his  term.  One  more  thing,  1 
thought  back  abouL  other  tlow  visualization  meetings  and  in  fact,  I  searched  in  the  Cal  lech  library  a 
bit.  While  there  are  other  meetings  on  turbulent  flows  and  stuff  like  that  ,  more  specialised,  1  didn't 
really  see  any  other  meeting  of.  this  sort  and  l  only  recall,  one  which  I  attended  in  1901),  an  ASME  meeting 
on  tlow  visualization.  It  was  general  tlow  visualization,  not  just  water  type  ot  stuft.  When  you  look 
hack  at  that  time  and  compare  with  now,  we  have,  sure  made  a  lot  of  progress.  We  have  got  a  number  ot 
dilterent  instruments  and  techniques.  We  have  gotten  lasers  since  then  and  LDV  type  ot  devices  mi  ol 
course  compulei  s» .  We  had  electronic  computers  then,  but  they  were  certainly  a  lot  slower  than  those  we 
have  now.  Also  the  fast  Fourier  transform  has  come  in.  1  am  not  sure  has  been  used  in  here,  hut  j  air. 
certain  with  all  the  data  handling  and  stuff  that  this  is  going  to  find  3  lot  of  use,  Loo.  Concerning 
techniques,  as  I  sit  here  and  reimmbei  tin.  old  days,  you  only  had  smoke  and  free  surlace  type  <i  testing 
like  Prandtl  did  ami  things  like  that.  Incidentally,  l  introduced  the  hydrogen  bubble  f  lu  w  v  i  si. a  l  i  zal  i  on 
at  the  Ab'Mf.  meeting,  Chat  is  wh..  I  wn»  tin-re. 

1  really  have  a  series  ot  notes  here,  i  don't  have  this  very  well  organized.  I  couldn't  pet  d.iun  i  o  cases 
until  last  night  alter  listening  to  most  >1  the  meetings.  1  have  a  note  here  that  tlow  v i sna 1  i/at  ion  is 
•  ‘Specially  useful  wle-ii  you  .ire  not  '..no  that  you  know  the  problem.  Jh.tL  is  one  ot  tnu  big  n  a  ;on>  tor 
doing  it;  von  din't  know  where  the  flow-  is  going  and  maybe  you  see  a  kink  in  some  coefficient  curve  and 
you  wonder  why  it  is  then-.  Well,  wh.it  you  do  is  you  can  do  a  lot  ot  different  kind  ot  measurements  or 
something  >r  other,  or  you  can  g.-t  some  f  !o  w  v  Lsua  1  i  zat  ion  and  you  would  probably  see  that  theie  is  some 
unwanted  vortex  going  by  someplace  and  it  int*-»sec ted  something  at  lli.it  lime.  In  tact  1  likened  tut 
problem  ot  using  regular  force  and  hotwire  and  other  kind  ot  measurement s  to  that  >t  a  blind  man  with  a 
cane;  in-  is  trying  to  lino  out  the  shape  of  something  or  other.  Similarly,  you  arc  going  to  d>  a  '.ot  ui 
testing  and  you  finally  may  come  out  witii  a  good  idea  of  the  tlow,  hut  it  is  sure  not  iike  just  locking  at 
it*  Hus  meeting  I  would  like  to  say  ucis  more  general  than  most  Ai.Akb  meetings  because  ot  the  n.iluie  o', 
the  subject.  it  is  a  technique,  it  is  not  a  specialized  thing,  let's  say  like  turbulent  boundary  layers 
or  some  kind  ot  turbulence  or  dilterent  kino  of  things  like  that.  In  tact  I  woula  say  that  the  eqnivaie-  < 
of  this  meeting  is  what's  done  and  leaned  in  windtunnels.  If  you  wanted  the  analogue  of  this  meeting, 
is  tiie  same  kind  of  symposium  witii  worn  turne-ls.  If  yor  had  such  a  me<  tmg  it  would  in.  pretl>  laig.  anc 
pretty  diverse.  It  is  also  quite  good  to  get  all  the  tlow  v  i  sua  1  i /.at  ion  efforts  together.  that  is 
probanly  why  tile  meeting  was  organized  so  that  every nod)  that  is  ci)iK>-im-«l  with  work  lik.  tnis  ate  ..11  m 
oil"  place  and  see  the  different,  ideas  and  ran  trade  information  and  all  that  k  nd  of  thing. 

Furthermore  it  seems  to  me  tfiat  the  efforts  have  gained  quite  a  hit  mot  .•  ac«.  eptain.  u  recent  ,  .  .  Fiow 
visualization,  as  I  generally  call  it,  but  I  am  thinking  , ’ f  water  type  of  testing  to-'.  Anvwav  ll  >w 
visualization  has  mil  been  a  very  important  adjunct,  to  reguiai  type  o|  testing  and  it  se.-ns  to  m>  in 
seeing  all  the  facilities  that  have  come  up  hero  and  heon  mentioned,  it  is  gaming  further  acceptance  but 
iL  has  a  long  ways  to  go.  Another  comment  is  that  the  use  of  water  or  Liquids  oll.-is  exti-sne  v>- r  sat  i  1  1 1  •,  ; 
that  is  the  reason  that  we  are  here.  I  say  liquids,  l  don't  know  the  origins  of  this  im-et  ing,  hut  in  .-  u  i. 
ways  1  like  to  thillK  ol  liquids  othet  than  water  at  limes.  Maybe  you  wanL  to  test  something  t.-i  som- 
reason  or  other,  somel ling  that  is  at  real  low  Reynolds  number,  then  you  can  get  a  nighlv  viscous  tioi.i 
and  os*’  it.  Most  «>t  our  work  is  looking  aL  stiitt  as  a  idiole,  like  an  airplane  di>  iv  >ou  wished  .  •  >,,  i-.ad 
higher  Reynolds  numbers.  Hut  sometimes  1  wished  for  low  Kevnolds  number  a  long  time  ago.  There  was  i 
I  low  in  a  suction  slot  tor  laminar  tlow  control  wncre  tin-  ReynolJs  uumhet  was  about  Ion  •■:  ,eut--.  . 

this  meeting  also  helps  people  who  are  <leveloping  methods  because  it  brings  all  the  ideas  and  t»-i  hr.  i"-i.  •. 
together.  Also  being  all  togetner  like  this  it  shows  wlut  can  be  done  at  the  present  time.  A!  I  lioii,-.i-  ]  n--- 

not  at  all  sure  about  this,  I  had  the  general  impression  that  the  techniques  and  tunnel  p.u  t  wav  a  lilt  !• 
bit  better  than  the  research  result  pai  t  .  The  reason  I  say  that  is  most  ly  it  seemed  to  p,  tes.-aict: 
results  are  the  type  of  things  more  in  the  process  of  finding  and  the  investigations  haven't  he.-u 
completed .  While  that  is  true  also  foi  most  <>|  the  tunnel  and  techniques,  at  least  1>>i  the  tecnniq  u  ■- 
type  of  stuff,  I  still  have  tlie  impression  that  they  are  lurlher  along,  lor  what  it  is  worth.  Also,  ; 
want  to  say  that  there  is  quite  good  progress  in  going  quant  italive. 
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I  guess  we  could  go  quantitative  in  t wo-dimensional  flows  a  long  time  ago.  After  all,  even  with  the  old 
aluminum  powder  tow  tank  technique  one  could  look  at  the  length  of  an  aluminum  particle  and  get  some  idea 
from  a  timed  photo  of  the  velocities  and  all  that,  but  getting  into  three  dimensions  is  something  else, 
and  it  looks  like  v«  are  getting  there.  There  were  quite  a  few  papers  here  on  that  aspect,  and  I  thought 
they  all  looked  promising.  Anyway  I  am  impressed  by  all  those  methods.  Another  comment  I  have  as  well  is 
that  while  general  results  in  these  different  investigations  can  often  be  found,  a  lot  of  times  the 
results  are  so  complicated,  e.g.  let's  say  some  of  the  strake  flows,  (that  type  of  stuff  has  nothing  to  do 
with  the  flows  down  in  the  bottom  of  a  boundary  layer  or  anything  like  that)  that  you  are  not  going  to  get 
very  much  general  information,  y>u  are  just  going  to  find  out  the  results  for  this  general  configurat ion 
of  whatever  sort  it  is  and  you' l  use  them  in  that  case.  I  think  over  the  years  that  you  are  liable  to 
look  at  things  in  great  detail  aid  not  come  up  with  any  kind  of  general  answers.  Of  course,  we  have  seen 
some  of  the  general  answers  so  tue  general  answers  accompany  it  like  where  to  put  the  blowing  on  the 
strake  where  it  is  most  effective,  but  there  are  still  many  problems.  Well,  we  are  getting  to  the  point 
where  we  can  look  in  such  tremendous  detail  that  every  new  thing  is  different. 

In  that  connection  with  all  this  tremendous  amount  of  data  that  I  see  there,  I  see  a  problem  with  the  data 
handling  and  presentation.  That's  been  faced  some,  but  certainly  it  is  one  of  the  problems;  as  we  get 
better  and  better  in  bringing  out  faster  and  faster  measurements  and  stuff,  we  are  just  going  to  get 
swamped  by  all  the  data.  People  have  to  work  on  that  problem.  I  have  a  little  note  here  that  reminded  me 
of  an  old  saying  I  have  heard  that  a  politician  is  one  who  knows  less  and  less  about  more  and  more  until 
he  knows  nothing  about  everything  and  a  scientist  knows  more  and  more  until  he  knows  everything  about 
nothing.  I  see  some  of  that  type  of  situation  here  which  made  me  think  of  it  as  we  get  swamped  with  all 
Che  data.  I  just  hope  that  all  this  detail  will  lead  to  fundamental  improvements,  really  fundamental 
improvements.  Just  seeing  more  details  isn't  going  to  do  us  much  good  unless  we  can  make  further  sense 
out  of  them. 

I  happened  to  talk  with  Prof.  Young  yesterday  and  he  made  an  interesting  comment.  After  all  the  earlier 
talks,  really  all  the  way  through,  tracing  all  those  crazy  vortices  over  wings  and  stuff,  he  commented 
that  this  meeting  could  be  called  one  on  vortical  flows.  It  is  in  a  way.  Nearly  any  really  complicated 
flow  is  a  vortical  flow;  I  guess  it  wouldn't  be  complicated  if  it  didn't  have  any  vorticity  in  it  at  all, 
it  would  just  be  potential  flow. 

Another  note  I  have  here  is  about  not  enumerat ing  the  advantages  of  using  water.  I  thought  of  doing  that 
in  the  beginning,  but  that  has  been  too  well  covered.  The  whole  week  has  been  on  that  and  there  are  some 
nice  lists  on  the  advantages. 

There  is  another  thing  that  1  noticed;  the  argument  comes  up  about  Reynolds  numbers,  the  low  Reynolds 
numbers  in  much  of  this  type  of  testing.  One  thing  that  is  a  bit  of  a  saving  feature  is  that  when  you  can 
see  the  flow  you  have  a  better  idea  of  whether  Reynolds  number  is  important.  You  can  see  generally 
whether  a  transition  is  there  or  some  separation  is  occurring  or  something  like  that.  1  found  in  my  old 
testing  that  maybe  we  would  have  some  laminar  separations  on  a  body  and  we  would  put  a  trip  on  it,  and 
when  it  was  turbulent  we  would  find  that  the  turbulent  separation  point  was  about  the  same  as  a  full 
scale.  So  you  can  just  see  a  lot  of  things  that  counteract  the  low  Reynolds  number.  It  is  a  secondary 
advantage,  I  guess  you  would  call  it,  of  a  water  type  of  testing.  Because  you  can  see  so  much  more,  you 
make  a  lot  more  intelligent  judgements.  Also,  the  water  facilities  are  generally  cheap  compared  with  wind 
tunnels.  I  don't  know  whether  this  will  stay  that  way .  If  they  become  more  popular,  people  may  be 
willing  to  invest  more  money,  then  they  will  make  bigger  tunnels,  and  they  will  eventually  get  more 
expensive.  Anyway,  the  cheap  ones  are  certainly  useful.  Also  I  have  a  note  here  that  1  will  not  comment 

on  the  papers  themselves.  I  would  need  to  let  them  soak  in  more,  and  1  am  also  not  active  in  that  area 

and  not  that  self  confident  to  make  any  real  comments.  1  will  olill  mention  that  several  papers  on 
quantitative  evaluation  which  1  have  mentioned  before  in  connection  with  three-dimensional  type  of  stuff 
struck  me  as  specially  interesting. 

A  word  of  caution  also;  when  I  look  at  the  pictures  or  s'ides,  a  lot  of  the  slides,  while  you  can  see  tin- 

flow  on  some  kind  of  model,  maybe  its  nothing  more  thi.i  a  Karman  vortex  street  behind  a  cylinder.  But  un- 

are  all  fascinated  by  that  kind  of  thing.  We  have  to  be  careful,  just  seeing  some  pretty  picture  here  is 

not  necessarily  an  advance,  after  all,  have  seen  these  pretty  pictures.  We  saw  them  on  Prandtl's  film 

and  several  other  places,  and  so  when  you  do  some  kind  of  a  simple  flow,  it's  all  right  to  show  it,  hut 
you  should  be  working  towards  some  kind  of  an  advance  in  the  theory.  I  would  look  at  a  paper  and  a  number 
of  these  pictures  and  maybe  my  first  impression  was  that  here  was  one  more  Karman  vortex  street  or 

something  or  other,  but  gradually,  I  would  c.?e  what  someone  was  trying  to  do,  and  it  would  look  like,  in 

every  case  the  objective  was  worthy,  but  it  is  something  to  think  about  in  the  future  paper  selections. 
Pretty  pictures  are  not  necessarily  enough. 

I  had  something  I  called  oversights  here.  The  first  one  was  liquids.  1  just  tend  to  think  when  it  is  a 

fluid,  it  isn't  necessarily  just  water,  it  is  water  most  of  the  time,  but  maybe  it  is  glycerine  or 

1  something  else.  Tc  might  be  something  to  think  about  in  any  future  one. 

1_  I  also  had  a  note  about  hot  water.  1  wandered  if  it  was  going  to  be  raised  and  it  was.  That's  tine  and 

the  stratification  also,  and  Prof.  Hornung,  I  believe  it  wns ,  mentioned  about  seeing  vorticity  or  shear 
|  stress.  He  wondered  if  it  could  be  colored  or  something  or  other.  Way  hack  about  World  War  II  days, 

,  there  is  a  NAUA  report  about  using  ethylene  glycol  and  methyl  ether  acetate  and  then  shining  polarized 

[  light  through  it.  Then  yon  get  direct  measurements  of  shear  stress.  With  all  of  our  LDV  devices  and 

I  stuff  like  that,  I  don't  know  whether  that  is  useful,  but  anyway  there  are  different  possibilities. 

Things  like  that  were  for  the  low  Reynolds  number  tests.  In  fact,  l  was  trying  •>  sell  something  with 
thaL  kind  of  a  device  which  would  essentially  magnify  the  flow  by  about  a  hundr*.  .fold ,  a  hundredth  of  an 
inch  gap  would  turn  into  a  one  inch  gap. 


RTD-3 


Cavitation  has  been  talked  about  a  good  deal  tins  morning,  but  there  has  been  very  little  about  the  use  ot 
the  old  cavitation  bubble,  or  air  bubble,  type  of  technique  to  get  fairing  shapes.  I  still  think  it  is  a 
good  method,  the  Germans  used  it  in  some  of  their  World  War  II  fighter  developments.  I  forgot,  l  used  to 
know  if  it  was  for  the  ME  264  or  110.  One  of  the  things  they  did  was  to  let  some  air  in  on  the  top  side 
of  the  wing  in  a  water  tunnel  and  the  air  kind  of  spread  out  over  it,  and  since  they  knew  the  pressures 
inside,  they  knew  the  velocities  and  they  found  that  this  bulge  on  the  top  side  of  the  wing  gave  them  30 
gallons  more  fuel  capacity  and  reduced  the  drag  at  the  same  time.  While  that  is  not  something  that  is  in 
the  transonic  range,  it  is  still  a  good  first  approximation  a  lot  of  times  to  getting  some  better  fairing. 

Incidentally,  when  I  was  down  talking  to  Prof.  Roshko  about  the  meeting,  T.  Kiceniuk  came  in  and  reminded 
me  of  a  technique  that  he  had  been  involved  in  in  running  the  water  tunnel.  We  were  trying  to  find  the 
nacelle  shape  for  the  A3D.  We  just  had  a  hollow  tube  for  the  air  (water  in  this  case)  that  went  through 
the  engine  and  then  blew  air  on  the  outside  so  formed  a  proper  cavitation  bubble.  This  was  all  under 
the  wing  on  a  complete  model.  In  order  to  observe  a  shape,  photo-gramatry  is  a  way,  but  vre  were  in  more 
of  a  hurry.  One  fellow  came  up  with  the  idea  of  putting  little  spines  kind  of  like  a  porcupine  about  a 
sixteenth  of  an  inch  chord  about  two  thousands  of  an  inch  thick.  A  whole  series  of  little  spines  were 
soldered  all  around  the  tube,  more  than  a  hundred,  just  clear  around.  Then  he  copper  flasn-plated  them. 
The  spines  were  long  enough  to  stick  outside  the  bubble  but  not  really  disturb  it.  Then  you  turn  on  the 
electricity  for  a  second  or  two  and  the  part  sticking  into  the  water  would  plate  off,  and  there  you  had 
the  contours.  It  worked  fine  but  we  didn't  pursue  it  further.  That's  about  all  I  have  to  say.  I'll 
close  by  saying  again  that  for  many  problems,  flow  visualization  with  water  is  either  needed  or  necessary, 
but  if  it  is  needed,  it  is  the  best  way.  So  this  symposium  helps  answer  that  need  and  I  thought  it  was 
very  good  and  there  should  be  another  symposium  on  this  general  subject  in  a  few  years,  another  one  is  in 
order  some  time  in  the  future. 

J.W.  Slooff 


Thank  you  very  much  Dr.  Smith.  I  think  that  this  has  set  the  scene  very  well  for  the  general  discussion 
that  we  are  supposed  to  have  now.  Maybe  in  order  to  put  some  structure  in  this  discussion,  we  shouLd  try 
to  follow  roughly  the  order  of  the  sessions  that  we  have  had  these  two  days.  We  could  start  with  comments 
or  questions;  whatever  you  have.  As  far  as  facilities  are  concerned,  their  possibilities  and  limitations 
and  so  forth,  it  is  very  difficult  to  separate  the  kind  of  techniques  one  uses  in  the  facilities,  so  I 
think  that  we  should  address  those  at  the  same  time  and  then  have  the  second  part  of  the  discussion  giving 
our  attention  toward  the  results* 


Who  would  like  to  say  something  on  facilit;es  and  techniques?  By  the  way,  please  make  sure  that  you  say 
your  name  and  affiliation  clearly  because  this  is  being  recorded.  You  will  have  a  written  version  of  what 
you  said  sent  back  to  you  which  you  can  correct  later,  but  if  you  don't  announce  your  name  and  affiliation 
we  won't  be  able  to  send  it  to  you. 

M.S.  Cahn,  Van  Every  and  Associates 


There  has  been  quite  a  bit  of  discussion  about  the  low  Reynolds  number  that  exists  in  roost  flow 
visualization  water  tunnels.  I  would  like  to  make  some  comments  on  that. 

(1)  Low  Reynolds  number  is  generally  conservative  if  you're  trying  to  prevent  some  damaging  flow 

separation.  If  you  are  successful  at  the  low  Reynolds  number,  you  are  not  too  concerned  about  it  at 

the  higher  Reynolds  numbers. 

(2)  For  good  flow  visualization,  the  Reynolds  number  has  to  be  small.  When  you  are  in  a  wind  tunnel  or  a 
water  tunnel  or  any  other  fluid,  if  you  try  a  higher  Reynolds  number  for  purposes  of  seeing  high 
Reynolds  number  or  getting  forces  or  something,  you  can't  do  the  flow  visualization,  at  least  not  as 
easily.  You  can't  do  it  with  food  coloring  in  water,  which  is  the  cheapest  way  to  do  it  that  I  know 
of. 

(3)  It  is  better  to  have  seen  the  flow  at  the  wnrong  Reynolds  number  than  not  to  have  seen  it  at  all.  You 

shouldn't  be  afraid  to  look,  but  you  ought  to  know  some  fluid  mechanics,  and  then  you  won ' t  be  misled. 

In  the  early  '70's  at  Northrop  we  started  using  water  tunnels  for  fast  easy  inexpensive  testing.  Now  they 
are  becoming  more  and  more  elaborate  and  I  think  that  something  has  been  lost.  John  Del  Frates,  who  is 
here,  did  a  lot  of  water  tunnel  flow  visualization  work  and  very  good  work,  at  NASA,  Dryden.  He  has  been 
quoted  in  an  article  as  saying  how  valuable  it  was  to  see  the  flow  field,  and  I  like  his  expression  then 
he  said  that,  "there  are  no  nurabeis  here".  In  other  words,  the  purpose  of  the  water  tunnel  is  to  get  an 
overall  view  of  the  flow  field  as  A.M.O.  Smith  just  said. 

But  looking  at  the  water  tunnels  that  have  been  built  since  wie  built  a  small  simple  one  at  Northrop  it 
seems  that  something  was  lost.  What  has  been  lost?  The  Hamm's  beer  commercial  says,  "It's  the  wter". 

Well  in  this  case  it  is  not  the  water.  It  was  the  availability  of  the  facility  and  its  ease  of  being  used 
that  made  the  water  tunnel  a  very  valuable  research  tool  at  Northrop  and  I’m  sure  at  other  places.  If  we 

wanted  to  know  about  a  configuration  or  some  problem  in  a  new  design,  we  could  take  a  pair  of  tin  snips 

and  go  to  the  water  tunnel  and  cut  out  something  and  have  a  technician  stick  it  in  the  water  and  look  at 

it  and  in  half  an  hour  you  saw  what  you  were  looking  for;  we  often  saw  something  we  didn't  expect,  and  ve 

got  a  great  insight  into  the  problem.  We  had  a  smoke  tunnel;  whether  ve  used  it  or  the  water  tunnel 
depended  on  what  we  wanted  to  see  or  how  much  time  we  wanted  to  take;  the  smoke  tunnel  was  often  a  little 
easier,  you  could  stick  your  hands  in  it  when  it  was  running. 


I  think  that  in  all  companies  or  anyplace  where  people  are  interested  in  fluid  flow,  there  should  be  what 
we  called  at  one  time  a  "crabgrass"  laboratory.  We  now  use  the  term  "diagnostic"  laboratory  to  mean  a  lab 
where  fast,  easy  inexpensive  research  can  be  conducted.  One  of  our  configurations  was  in  the  design  stage 
for  nine  years  and  much  money  was  being  spent  on  pressure  tests  and  force  tests  to  get  data  to  four 
decimal  place  accuracy.  We  built  a  small  6  inch  water  tunnel  and  got  our  hands  on  a  little  dispLay  model 
and  put  it  in  the  tunnel  and  put  some  food  coloring  in  with  a  probe  and  saw  immediately  some  fantastic 
things  that  we  didn't  know  existed.  As  soon  as  we  saw  them,  we  said,  "oh,  of  course".  You  knew  they  were 
there  after  you  saw  them.  But  for  9  years  we  did  not  pay  any  attention  to  this  particular  region,  so  the 
point  I  am  trying  to  make  is  that  it  is  not  the  water  that  can  make  a  water  tunnel  useful.  It  is  the 
availability  of  the  facility  to  the  engineer.  I  think  that  there  should  be  a  "crabgrass"  lab  in  any  place 
vAiere  people  are  interested  in  fluid  mechanics  or  fluid  flow.  And  it  should  be  available  to  the  working 
engineer,  this  is  an  important  point,  just  like  the  company  library,  and  it  could  be  even  cheaper  to 
operate  than  the  company  library.  That  is  the  important  point  that  I  think  has  been  lost. 

What  other  items  should  be  in  a  "crabgrass"  laboratory?  There  should  he  a  computer  with  software  that 

allows  you  to  see  two-dimensional  flow  fields.  Maybe  you  can  do  three-dimensional,  but  I  have  an  Apple  II 

computer  at  home  and  I  look  at  two-dimensional  flow  fields.  Everyone  says  that  two-dimensions  are  not 
important,  because  everything  is  three  dimensional,  but  I  learned  in  a  book  co-authored  by  Prof.  Roshko 
that  you  had  better  get  to  know  one  dimension  before  you  can  understand  two  and  you  had  better  know  two 

before  you  go  Co  three.  Most  people  never  get  past  two;  they  explain  everything  in  terms  of 

t  wo-d  linens  ions  * 

I'm  kind  of  upset  with  the  way  computers  have  been  used  in  recent  years.  They  have  been  used  to  crunch 
enormous  masses  of  data  and  to  do  complex  financial  things.  I  learned  some  years  ago  when  I  was  working 
with  Dr.  Tulin  at  Langley  and  Busemann,  Katsoff  and  people  like  that,  that  using  the  elegance  of 
two-dimensional  flow  theory,  complex  flow  theory,  you  can  always  put  together  something  that  helps  explain 
the  phenomenon.  Now  that  we  have  these  modern  computers  that  you  can  afford  yourself,  you  can  have  one  at 
home,  in  your  bedroom  or  bathroom  or  wherever  you  want  to  use  it,  you  can  look  at  these  two-dimensional 
flow  fields  and  get  a  great  insight  into  many  fluid  flow  problem.  I  have  been  animating  them,  making 
several  pictures,  storing  them  in  the  computer  and  then  recalling  them  rapidly  and  seeing  animated  forms 
of  typical  two-dimensional  flow  fields.  I  think  that  with  a  little  better  equipment,  not  even  coming 
close  to  the  Cray  that  we  saw  the  other  day,  much  more  of  this  could  be  done  and  it  could  be  compared  with 
water  tunnel  flow. 

One  more  important  point  about  how  to  use  quantitative  data.  All  the  quantitative  measurements  I  have 
seen  at  this  symposium  of  detailed  structure  of  flow  I  think  can  be  useful  to  get  further  insight  into 
fluid  flow  at  high  Reynolds  numbers.  You  can  show  that  above  a  very  Low  Reynolds  number  the  inviscid  flow 
is  present.  The  inviscid  flow  is  always  there,  even  in  separated  flows,  even  when  great  separation 
occurs.  The  inviscid  flow  is  there  with  vorticity  super-imposed  on  it. 

When  floiw  is  impulsively  started  you  get  the  inviscid  flow.  With  computer  power  handling  the  data  and 
the  measurement  techniques  we  have  seen  here,  should  be  able  to  separate  the  inviscid  flow  from  the 
flow  that  follows  and  then  operate  on  the  viscous  flow  and  have  it  decay  less  severely  and  put  it  back  in 
to  get  a  great  insight  into  flow  at  higher  Reynolds  numbers.  That  is  the  way  some  of  these  experimental 
techniques  could  be  used,  and  1  would  like  to  encourage  that. 

Finally,  I  vwuld  like  to  say  that  l  think  that  this  has  been  a  very  interesting  meeting.  It  has  been  one 
of  the  best  I  have  seen  since  the  days  of  the  IAS.  I  would  like  to  thank  Prof.  Roshko  who  I  understand 
conceived  this  idea.  1  have  vnjoyed  it  very  much.  Thank  you. 

J.W.  Slooff,  NLR 

Thank  you  very  much  Mr.  Cahn  for  your  very  colorful  contribution.  Being  a  sort  of  number  cruncher  myself, 

I  was  particularly  intrigued  by  your  remark  that  a  picture  by  itself  can  be  very  interesting  and  you  don't 
always  need  numbers.  I  fully  agree.  I  think  that  we  all  can  appreciate  a  beautiful  woman  without  numbers. 

F.  K.  Owen,  Comp 1  ere  Inc. 

I  would  like  to  take  a  few  seconds  to  point  out  a  couple  of  instruments  or  techniques  that  were  not  really 
mentioned  in  much  detail  at  this  meeting.  The  first  one  is  the  LV  that  to  some  extent  was  criticized  for 
being  a  point  measurement  device.  However,  with  very  simple  changes  to  the  receiving  optics,  one  can 
incorporate  either  a  rotating  or  scanning  mirror  wftich  could  be  synchronized  with  f  *.ow  features  so  that 
measurements  can  be  made  which  essentially  freeze  the  flow.  The  point  here  is  that  since,  in  water,  we 
have  low  ve loc  ities  and  ease  of  seeding,  one  can  essentially  obtain  continuous  wave  LV  signals,  so  that, 
by  scanning  the  flow  field  in  a  rapid  manner,  one  can  get  scan  to  scan  variations  and  can  look  at  the  flow 
field  turbulence  structure  in  both  space  and  time. 


The  other  point  I  would  like  to  make  is  that  v«  also  have  techniques  using  fluorescent  dyes  to  selectively 
seed  the  flow  fields  and  trace  the  heredity  of  turbulent  structures.  For  example,  in  the  paper  we  gave  on 
Monday  morning  when  we  wore  looking  at  the  control  of  vortex  flows,  a  better  'understanding  of  the 
mechanisms  involved  could  be  obtained  by  selectively  seeding  parts  of  the  flow  field  and  looking  at  the 
history  and  the  development.  In  water,  ve  can  measure  the  velocity  concentration  cross  correlation  and 
from  chat  one  can  determine  mixing  rates,  and,  conditionally  sample  at  given  concentration  levels,  so  that 
we  can  Look  at  what's  happening  to  certain  flow  features  as  they  progress  downstream.  Both  techniques  are 
referenced  in  my  paper. 


This  is  a  comment  on  what  Dr.  Cahn  said  in  three  areas.  Number  one  is  the  Reynolds  number.  He  mentioned 
that  flow  visualization  at  high  Reynolds  numbers  is  difficult  and  we  can't  see  much.  I  cannot  agree  with 
that  in  the  sense  that  we  did  flow  visualization  at  high  Reynolds  numbers,  about  a  quarter  of  a  million, 
using  a  high  speed  video  camera  and  digital  image  processing  techniques.  We  were  able  to  get  a  lot  more 
information  than  what  you  can  see  at  low  Reynolds  numbers.  So  this  kind  of  technique,  that  is  being 
developed  currently  in  the  market,  definitely  will  enhance  the  range  of  the  Reynolds  numbers  that  one  can 
work  with  water  using  flow  visualization  and  that  is  an  added  advantage  that  we  will  be  having  as  water 
proponents. 

The  second  thing  is  about  the  name  that  you  give  to  the  facility.  For  example,  I  was  the  first  to  propose 
a  water  facility  to  McDonnell  Douglas  \rfiich  is  primarily  an  aerospace  company  building  fighter  jets,  and  1 
had  my  own  share  of  almost  unsurmountable  problems  in  getting  approval  and  in  coming  up  with  an  operating 
water  facility.  Anyway  1  overcame  all  of  that,  and  we  have  a  good  working  facility;  but  after  having  seen 
the  results,  the  reaction  of  the  management  is  180  degrees  opposite.  Part  of  the  reason  for  that  1  think 
has  Co  do  with  Che  name  you  give  to  the  facility.  When  you  say  that  the  water  facilities  are  quick  and 
dirty,  1  don't  think  that  it  is  right.  Because  when  you  have  a  good  Reynolds  number  simulation  and  good 
flow  visualization  techniques,  it  is  no  longer  quick  and  dirty.  It  is  a  full  and  perfect  replacement  for 
a  wind  tunnel,  in  some  cases  at  least.  So,  I  think  that  the  name  you  give  to  the  facilities  is  also 
important.  You  should  give  it  some  fancy  name  just  like  wind  tunnels. 

The  other  comment  1  want  to  make  is  on  the  low  Reynolds  numbers.  Dr.  Cahn  mentioned  that  the  quick  and 
dirty  "crabgrass"  laboratory  could  be  given  to  operating  engineers;  but  at  the  same  time,  they  should  be 
aware  of  the  limitations  or  pitfalls  that  one  can  get  into  when  you  are  working  in  low  Reynolds  numbers 
and  extrapolating  the  results  you  get  to  the  high  Reynolds  numbers.  Unless  you  are  aware  of  the  complete 
range  of  the  behavior  of  the  particular  flow  at  different  Reynolds  numbers,  the  extraplat ions  you  make  can 
really  be  very  false  depending  on  who  makes  it. 

W.B.  Morgan,  David  Taylor  Naval  Ship  R&D  Center 

I  just  want  to  point  out  that  the  International  Towing  Tank  Conference  (ITTC)  publishes  a  catalogue  of 
facilities  but  unfortunately  the  ITTC  does  not  have  a  permanent  staff  so  one  has  to  know  whom  to  contact 
Co  obtain  a  copy.  There  are  many  towing  tank  people  at  this  conference  so  if  you  want  to  contact  one  of 
us,  we  will  try  to  obtain  a  copy  of  the  catalogue  for  you.  It  seems  that  everybody  here  is  making  their 
own  water  tunnel;  whereas  in  the  marine  industry  most  new  water  tunnels  are  purchased  from  Kemp  and 
Remmers  in  Hamburg,  Germany.  So  if  you  want  to  obtain  a  standard  water  tunnel,  they  can  be  purchased  from 
off  the  shelf  designs. 

The  second  comment  I  will  make  is  to  expand  on  what  Marshall  Tulin  said  about  the  new  cavitation  tunnel 
that  we  are  trying  to  build.  As  of  this  morning,  it  still  appears  to  be  in  the  budget.  As  Marshall  said, 
the  test  section  is  10  by  10  foot  square  with  a  length  of  40  feet.  I  started  out  by  calling  it  a  3  meter 

by  3  meter  test  section  because  I  thought  that  sounded  smaller,  and  we  would  be  more  apt  to  keep  it  in  the 

budget.  The  tunnel  is  about  273  feet  long,  or  slightly  less  in  length  that  a  football  field,  and  the 
height  is  about  65  feet.  This  is  not  the  size  of  the  building,  but  the  overall  size  of  the  water  tunnel. 

This  should  give  you  some  idea  of  the  size  of  these  large  water  tunnels.  The  tunnel  is  for  testing  model 

ships  and  submarines  v^iere  we  need  to  obtain  a  high  enough  Reynolds  number  to  duplicate  full  scale  flow 
phenomenon  into  the  propulsor  and  over  the  appendages.  I  do  appreciate  the  comments  made  on  small 
facilities  and  of  course  we  have  a  number  of  them  and  use  them  continuously,  but  when  you  are  predicting 
cavitation  or  boundary  layer  flows  into  the  propulsor  or  over  stern  appendages,  these  small  facilities 
just  don't  do  you  any  good  at  all.  We  need  to  obtain  a  section  Reynolds  number  of  the  order  of  5  million 
at  the  0.7  radius  of  the  propeller  to  obtain  a  good  prediction  of  cavitation  inception.  The  work  done  by 
Gault  at  Ames  indicated  chat  there  is  a  possibility  of  laminar  separation  on  some  aerofoils  near  the 
leading  edge  at  Reynolds  numbers  Lower  than  5  million.  We  have  confirmed  the  need  to  obtain  these 
relatively  high  Reynolds  numbers  for  a  good  prediction  of  cavitation  inception.  As  far  as  flow 
visualization  is  concerned,  cavitation  is  a  good  flow  visualizer  so  we  do  not  have  flow  visualization 
problems  during  ca. .tation  testing  at  these  high  Reynolds  numbers. 

J.W.  Slooff,  NLR 

Before  we  hand  the  mike  to  Mr.  Goodman  again,  I  think  it  is  fair  to  ask  Dr.  Lloyd  to  react  on  your  first 
series  of  questions  and  comments  on  his  paper  if  he  wishes. 

A.R.J.M.  Lloyd,  ARE(H) 

Just  to  come  back  to  the  comments  of  Dr.  Goodman.  I'm  not  sure  that  I  can  remember  everything  that  you 
said  but  one  thing  that  was  mentioned  was  vrtiy  didn't  we  use  5  hole  pitots.  We  could  well  have  used  them 

but  the  Freestone  probe  seemed  to  give  very  much  the  information  that  we  wanted  very  much  more  quickly  and 

very  much  more  simply.  A  5  hole  pitot  just  gives  velocity  and  direction  and  then  you  have  to  do  lots  of 
complicated  traversing  and  data  manipulation  in  order  to  obtain  the  vorticity  measurements  you  really 
want.  The  other  question  vrtiich  was  raised  was  the  one  about  lifting  line  theory.  The  paper  is  not  really 
about  the  simulation,  this  is  only  briefly  mentioned.  It  is  true  that  simulation  does  use  lifting  line 
theory  but  this  is  corrected  to  take  account  of  low  aspect  ratio.  There  was  another  question  about  static 

holes,  and  1  think  that  I  will  ask  my  colleague  lan  Campbell  to  reply  to  that  one. 
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I. M.C.  Campbell,  University  of  Southampton 

1  think  that  with  any  instrument  there  are  compromises  that  have  to  be  made.  We  wouldn't  like  to  put  an 
instrument  into  the  flow  at  all  if  w  could  avoid  it,  but  with  the  restricted  time  that  was  available  to 
do  the  test,  the  size  of  the  test  and  the  difficulty  of  operating  off  a  rotating  arm,  we  opted  to  use  the 
Freestone  probe  because  of  the  advantages  it  offered.  As  the  paper  indicates,  the  errors  in  the  probe 
were  examined  as  carefully  as  we  could  do  and  there  is  obviously  still  more  work  to  be  done.  In 
particular,  the  effect  of  the  nose  on  the  static  pressures  into  the  static  intake,  of  the  pitot  probe  was 
calibrated  during  the  wind  tunnel  tests  on  the  probe.  Finally  I  suspect  that  a  lot  of  these  inherent 
errors  are  of  second  order  compared  with  the  overall  accuracies  that  we  were  looking  for. 

J. W.  Slooff,  NLR 

Mr.  Goodman,  would  you  like  to  say  something? 

A.  Goodman 

Pitot-static  tubes  have  been  available  for  many,  many  years  and  are  quite  easily  obtainable  in  this 
country,  they  are  very  inexpensive  and  can  be  acquired  in  small  sizes  of  4.5  to  5  mm  in  diameter.  You  can 
assemble  them  into  a  rake.  I  refer  you  to  Reference  19  in  my  paper  which  gives  the  detailed  description 
of  the  NACA  work  on  the  development  of  such  probes  as  well  as  the  description  of  the  rake  that  was  used  in 
the  study.  I  also  ask  you  to  contact  Jerry  Feldman  when  you  visit  him  at  NSRDC  and  examine  the  data  in 
the  other  report  1  mentioned  on  the  SON  688  which  also  used  a  similar  pitot-static  yawhead  rake  for 
quantifying  the  flow,  for  both  the  appended  and  unappended  body.  1  also  refer  you  to  the  NACA  papers 
which  deal  with  the  design  of  such  probes  and  the  effects  of  the  holder  on  the  static  pressure  tube  and 
the  design  criteria  that  they  suggest  vhich  avoids  problems  of  Reynolds  number  and  other  problems  that  you 
might  encounter.  As  far  as  lifting  line  theory,  that  is  an  old  story.  In  this  day  and  age  with  lifting 
surface  theories  available,  it  seems  for  the  sophi  «*t icated  type  of  model  that  you  are  trying  to  achieve 
and  for  calculating  the  tin  body  interference  effects  the  lifting  line  theory  is  not  going  to  provide  the 
correct  answer.  Bill  Morgan  preempted  me  on  the  ITTC.  There  is  a  very  nice  compilation  Uiich  he 
mentioned  which  lists  the  major  water  tunnels,  towing  tanks,  sea-keeping  tanks,  located  throughout  the 
world. 

For  example,  Japan  has  60  towing  tanks,  for  those  of  you  might  be  interested.  The  compilation  presents 
all  the  physical  characterise ics  and  the  capabilities.  Without  putting  the  burden  on  Prof,  Bruce  Johnson 
at  the  U.S.  Naval  Academy,  he's  on  the  committee  that  is  responsible  for  maintaining  the  volume  up  to 
date,  you  might  be  able  to  contact  him  and  if  there  are  extra  copies  around,  he  might  be  able  to  send  you 
one.  With  regard  to  Reynolds  number,  l  think  that  w^  are  all  aware  o(  the  effects  of  Reynolds  number 
cL(max)*  ^or  example,  on  a  lifting  wing  there  is  a  very  strong  effect,  the  difference  betveen  a 
Reynolds  number  of  100,000  and  several  million  is  very  well  demonstrated  in  the  literature.  So  1  caution 
people  when  they  are  looking  at  high  angles  of  attack  or  wings  near  stall  to  perform  tests  at  high 
Reynolds  number. 

J.W.  Slooff,  NLR 

Thank  you  Mr.  Goodman  for  the  valuable  information  on  the  ITTC,  and  also  Mr.  Morgan. 

It  seems  the  clock  is  almost  at  1  and  v«  will  have  to  start  bringing  this  to  an  end.  Is  there  anybody 
still  left  that  feels  he  would  like  to  comment? 

A.M.O.  Smith 


I  don't  have  anything  really  more  to  say  here,  but  I  have  listened  to  the  arguments  about  low  Reynolds 
number  and  everything,  and  I  just  want  to  remind  you  that  this  is  an  extremely  diverse  audience  -  all 
kinds  of  problems,  anything  from  trying  to  find  out  some  kind  of  wild  convolutions  in  the  bottom  of  a  1/16 
inch  thick  boundary  layer  to  some  kind  of  flow  over  a  15  foot  submarine,  and  I  really  don't  see  any  kind 
of  resolution  of  this  kind  of  thing. 

There  are  just  going  to  be  all  kinds  of  tests  and  you  better  just  remember  that  there  are  going  to  be  some 
facilities  for  small  investigat ions  and  some  for  large  and  there  are  going  to  be  all  kinds.  Low  Reynolds 
number  has  its  place  and  high  Reynolds  number  has  its  place.  Just  put  it  all  together.  I  don't  see  any 
kind  of  a  clean  answer. 

J.W.  Slooff,  NLR 


Z  was  almost  going  to  say  that  this  was  a  very  appropriate  final  remark  for  this  meeting,  but  there  is  one 
more  comment. 

K.R.  Sarippali 

I  concur  with  what  A.M.O.  Smith  said  that  just  because  you  don't  have  the  ability  to  simulate  the  right 
Reynolds  number,  you  should  not  be  discouraged.  A  perfect  example  is  the  helicopter  test  we  presented. 

We  did  not  simulate  the  Reynolds  number  appropriately,  but  the  effects  that  we  wanted  to  see  were  somev#iat 
Reynolds  number  independent.  So,  that  is  why  ue  were  able  to  it  in  the  water  and  also  translate  directly 
into  the  flight  configuration  with  fantastic  results.  So, just  because  you  are  unable  to  simulate,  you 
should  not  be  discouraged. 

The  other  thing  that  I  wanted  to  mention  was  in  response  to  what  A.M.O.  Smith  said  in  the  beginning  that 
there  is  no  flow  visualization  conference  that  deals  just  with  flow  visualization.  But,  for  people  who 
are  interested  in  flow  visualization,  this  is  the  perfect  place  to  9ee  all  the  latest  developments  in  flow 
visualization. 


This  has  to  be  it,  I  am  afraid.  Thank  you  for  all  your  contributions  to  the  general  discussion.  X  will 
now  ask  Prof.  Roshko  to  close  the  meeting. 

A.  Roshko,  Cal  Tech 

I  would  like  to  thank  everybody  that  participated  and  I  would  like  to  turn  the  actual  closing  of  the 
meeting  to  Peter  Sacher,  the  Chairman  of  the  Fluid  Dynamics  Panel. 

P.  Sacher,  MBB 

Ladies  and  Gentlemen,  let  me  try  to  bring  this  Symposium  to  an  end.  We  have  been  listening  to  more  than 
30  papers  and  we  all  have  seen  exciting  examples  for  flow  visual ization ,  for  new  techniques,  to  help  the 
engineers  understand  and  to  analyze  the  complex  fluid  flow  situations.  In  the  opening  sessions  it  was 
said  that  the  goal  of  this  meeting  ms  three-fold;  to  exchange  experiences,  to  present  results  obtained  by 
different  applications,  and  to  discuss  the  future  prospects  of  this  technology.  I  think  according  to  many 
discussions  at  the  end  and  during  the  meeting  from  the  floor,  and  due  to  the  excellent  presentation  of 
papers,  I  think  this  goal  has  been  reached  to  a  large  extent.  So  first  of  all  now  1  would  like  to  thank 
all  of  our  speakers  for  their  delivery  of  excellent  papers  and  the  audience  for  participating  actively  in 
many  discussions.  I  hope  that  you  will  agree  to  congratulate  and  thank  very  much  our  program  committee 
for  arranging  this  successful  meeting  and  we  acknowledge  the  tremendous  effort  made  by  the  two  co-chairmen 
of  the  program  committee,  by  Prof.  Anatol  Roshko  from  Cal  Tech  and  Prof.  Joop  Slooff  from  the  NLR  in 
Amsterdam. 

In  addition  we  have  to  thank  all  our  members  from  the  program  committee  and  our  session  chairmen,  Dr. 

Orlik  Ruckemann,  Dr.  Bignell,  Prof.  Reshotko,  Prof.  Hornung,  Dr.  Bucciantini,  for  leading  us  through  the 
various  papers  and  the  discussions.  1  would  also  like  to  address  once  more  our  appreciation  to  the 
National  Delegates  of  the  U.S.  for  having  invited  us.  Especially  I  thank  Dr.  Flax  for  his  opening  remarks 
and  Admiral  Austin  for  his  opening  address  and  his  warm  welcome  at  the  reception.  We  thank  very  much  in 
addition  the  U.S.  Naval  Graduate  School  for  providing  this  excellent  technical  facility  for  our  meeting. 

I  appreciate  very  much  the  sponsorship  of  Fluidyne  Engineering  Corporation  from  Minneapolis  -  they  have 
provided  the  folders  for  all  the  participants. 

An  outstanding  performance,  I  chink  we  all  agree,  has  been  achieved  by  our  local  coordinator.  Dr.  Keith 
Richey  from  Wright  Patterson  for  organizing  the  various  activities  throughout  the  wfaole  week. 

To  conclude  l  have  to  address  our  acknowledgment  to  our  technical  staff  which  has  supported  this  meeting. 
First  of  all  I  would  like  to  thank  our  new  Executive,  Michael  Fischer  and  his  secretary  Anne  Marie  Rivault 
for  providing  again  excellent  service  on  the  administrative  side.  Then  we  have  to  thank  specially  Mrs. 
Cindy  Maffei,  Naval  Post  Graduate  School  from  Monterey,  Mrs.  Karen  Smith  representing  Major  John 
Meeuwissen  as  the  US  National  Coordinator  for  AGARD,  Mr.  A1  Coleman  and  Mr.  Kelvin  Arrington  technicians 
from  the  State  Department,  Washington,  Mr.  Harry  Thomas,  our  projectionist  here  in  the  room  and  we  have  to 
thank  our  interpreters  for  doing  an  excellent  work,  Miss  Madelaine  Fishkin,  Mrs.  Monique  Harway,  Miss 
Lillian  Paxsf'n  and  Mr.  John  Woronoff.  And  last  not  least,  Mr.  Neal  Grover  and  Mr.  Jim  Johnson,  our  U.S. 
hosts  for  doing  all  the  work  for  the  ladies  program  and  arranging  the  tours.  Thank  you  all  very  much  for 
your  excellent  support. 

Now  let  me  conclude  with  a  short  review  on  FDP’s  future  activities.  Our  program  for  1987;  we  have  two 
Symposia.  The  first  on  Aerodynamics  of  Hypersonic  Lifting  Vehicles  in  Bristol,  UK  in  April  next  year  and 
the  second  one  in  the  fall  on  Aerodynamic  Data  Accuracy,  Quality  Requirements  and  Capabilities  in  Wind 
Tunnel  Testing,  in  Italy.  Then  we  have  tv*>  special  courses  in  Belgium  at  the  von  Karman  Institute.  One 
is  on  Modern  Theoretical  and  Experimental  Approaches  to  Turbulent  Flow  Structure  and  Modelling  and  the 
second  on  Missile  Aerodynamics.  We  have  currently  three  working  groups  running;  on  Boundary  Layer  Control 
and  Simulation  in  Wind  Tunnel,  on  3-D  Viscous  Flow  Boundary  Layer  Limits  and  on  Rotary  Balances.  I  would 
like  to  invite  you  here  to  participate  also  in  our  future  activities  and  to  join  our  future  program. 

Thank  you  for  attending  this  meeting. 
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